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LITfflUM  COLLECTION  LENS  FILLING  PROCESS  FOR 
FERMILAB  ANTIPROTON  SOURCE 

R.  Schultz*,  P.  Hurh;  FNAL*,  Batavia,  IL  60510,  USA 


Abstract 

The  most  critical  step  in  fabrication  of  the 
lithium  collection  lens  is  the  introduction  of  molten 
lithium  into  the  core  of  the  lens.  A  preload 
(hydrostatic  compressive  stress)  of  approximately 
2500  psi  is  desired  within  the  solid  lithium  for  proper 
lens  operation.  Instrumentation  that  is  accurate  at 
temperatures  well  above  the  melting  temperature  of 
lithium  (180.6  °C)  must  be  used  to  monitor  the 
pressure  during  the  fill  to  achieve  the  desired  preload. 
Measurements  from  recent  lens  fills  show  that  as  the 
lens  cools,  the  preload  decreases  by  approximately  50 
psirC  on  average.  This  paper  shows  that  this 
apparent  thermal  expansion  modulus  can  be 
determined  analytically  as  well  as  numerically. 
These  results  are  then  compared  to  measured  values. 

INTRODUCTION 

The  lithium  collection  lens^^^  used  at  Fermilab 
(Figure  1)  is  a  pulsed  device  with  a  one-centimeter 
radius.  Operating  at  up  to  1000  Tesla  per  meter,  it  is 
used  to  focus  an  8  GeV  antiproton  beam  coming  off 
of  a  target.  It  is  cycled  approximately  once  every  two 
seconds  and  has  a  life  expectancy  of  between  5-10 
million  pulses.  A  positive  preload  of  approximately 
2500  psi  is  necessary  to  combat  the  “magnetic  pinch” 
that  occurs  during  each  pulse  on  the  lithium  during 


operation.  The  preload  prevents  electrical  arcing, 
which  can  occur  if  the  lithium  separates  from  the 
titanium  septum.  There  are  a  few  plausible 
mechanisms  that  are  thought  to  cause  failure.  The 
prevailing  theory  suggests  that  the  titanium  septum 
fails  in  fatigue  at  locations  of  high  stress  reversal. 
Ideally,  the  preload  of  the  lens  should  be  such  that  it 
eliminates  the  stress  reversal  and  reduces  the 
magnitude  of  the  stress  during  operation. 

Accurately  measuring  the  preload  at  elevated 
temperatures  has  been  a  problem  in  the  past.  The 
instrumentation  experienced  large  thermal  zero-shifts 
and  had  a  small  signal  to  noise  ratio,  which  resulted 
in  a  large  uncertainty  on  the  preload.  This  has 
hindered  the  development  of  any  reliable  trends  that 
might  suggest  an  optimal  preload  for  future  lenses. 
New  advances  in  pressure  transducer  technology 
have  made  it  possible  to  measure  the  pressure  of  solid 
and  liquid  lithium  up  to  400  with  an  accuracy  of 
better  than  0.25%.  In  addition,  a  more  accurate  data 
acquisition  system  has  been  implemented,  and 
software  was  created  to  show  the  long-term  pressure 
vs.  temperature  relationship  in  real  time.  This  allows 
us  to  predict  how  much  the  preload  will  decrease  as 
the  lens  cools  and  adjust  accordingly  during  a  fill. 
Better  instrumentation  along  with  a  better 
understanding  of  this  phenomenon  has  made  it 
possible  to  achieve  the  target  preload  within  the 
desired  tolerance. 


Figure  1 .  Cross-Sectional  View  of  the  Lithium  Collection  Lens  used  at  Fermilab 
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THE  FILLING  PROCESS 

The  lens  is  connected  to  a  reservoir  of  molten 
lithium  through  two  stop-cocks  (metal-on-metal 
valves),  which  are  open  during  most  of  the  fill.  This 
allows  lithium  to  flow  into  or  out  of  the  lens.  The 
reservoir  of  molten  lithium  is  contained  within  a 
bellows  assembly,  which  transmits  pressure  from  a 
hydraulic  ram  to  the  lithium.  Initially,  the  lens  is 
injected  with  molten  lithium  at  a  pressure  of  about  500 
psi.  As  the  temperature  decreases  and  the  lithium 
solidifies,  the  pressure  drops  dramatically  as  the 
lithium  thermally  contracts.  The  bellows  pressure  is 
adjusted  to  compensate  for  the  thermal  contraction.  As 
the  lens  temperature  drops  from  the  solidus  point  down 
to  100  °C,  the  lithium  pressure  is  slowly  increased  to 
6000  psi.  As  it  continues  to  cool  from  100  °C  down  to 
40  °C,  the  bellows  pressure  is  adjusted  in  an  attempt  to 
arrive  at  the  desired  preload  of  approximately  2500  psi. 
The  stop-cocks  are  generally  closed  at  about  40  °C, 
after  which  temperature  the  preload  cannot  be  changed 
by  adjusting  the  bellows  pressure.  The  lens  will 
continue  to  cool  until  it  reaches  room  temperature, 
when  the  final  preload  measurement  is  made. 

INSTRUMENTATION 

There  have  been  three  forms  of  instrumentation 
used  to  measure  the  preload.  The  first  involved 
miniature  pressure  transducers  from  Entran®.  This 
transducer  was  originally  specified  because  it  worked 
well  in  space-restricted  areas.  Since  it  was  entirely 
enclosed  in  the  lens  body,  the  wires  could  be  cut  and 
the  transducer  would  then  be  left  in  the  lens  body  for 
installation  into  the  transformer  assembly.  The 
primary  limitation  of  this  transducer  is  that  most  strain 
gauge  based  instrumentation  has  a  realistic  temperature 
limtf^^  of  between  120-150  °C.  Above  this 

temperature,  the  epoxy  bonding  the  strain  gauges  to  the 
measurement  diaphragm  within  the  transducer  begins 
to  break  down.  Large  zero-shifts  can  occur  and  have 
been  observed  at  these  elevated  temperatures.  Zero- 
shifts  of  this  nature  cannot  be  measured  nor 

compensated  for.  The  uncertainty  associated  with  this 
type  of  zero-shift  error  is  on  the  order  of  +/-  1000  psi. 

The  second  type  of  instrumentation  used  was 
strain  gauges,  which  measured  the  circumferential 

strain  on  the  outside  of  the  lens  body.  High 

temperature  strain  gauges,  developed  by  Vishay 
Micromeasurements  Group,  were  installed;  which  are 
reliable  at  temperatures  up  to  260  °C.  The  internal 
pressure  was  calculated  by  correlating  the  strain  with  a 
pre-determined  calibration  curve.  Since  the  radius  to 
thickness  ratio  of  the  lens  body  is  approximately  two,  it 
is  considered  a  thick  walled  cylinder.  Unfortunately, 
this  contributes  to  a  signal  to  (thermal)  noise  ratio  of 
approximately  one.  Ideally,  it  should  be  ten  or  higher. 
Statistical  error  analysis^^^  suggests  an  uncertainty  for 


our  application  on  the  order  of  +/-  500  psi  for 
conditions  such  as  this. 

Because  of  the  large  uncertainties  associated  with 
the  miniature  pressure  transducers  and  the  strain 
gauges,  it  was  necessary  to  find  a  better  method  of 
instrumentation  that  could  more  accurately  measure  the 
preload.  Dynisco  Instruments  has  developed  a  variety 
of  robust  Melt  Pressure  Transducers  that  have  been 
specifically  designed  for  the  harsh  and  rugged 
environments  of  the  Extrusion  and  Polymer  Processing 
Industries.  Their  pressure  transducers  have  a  unique 
design  that  removes  the  instrumentation  diaphragm 
from  the  heat  source.  The  pressure  diaphragm  can  then 
be  exposed  to  temperatures  up  to  400  ""C  without 
concern  of  thermal  shifts.  The  design  transmits  the 
pressure  to  the  instrumentation  diaphragm  through  a 
mercury-filled  capillary  tube.  The  strain  gauges  on  the 
instrumentation  diaphragm  then  operate  in  a  much 
cooler  atmosphere.  Therefore,  the  transducer  can 
output  a  much  more  accurate  signal.  The  uncertainty  is 
less  than  0.25%  of  the  full-scale  output,  which  is 
generally  less  than  25  psi. 

Our  experience  has  shown  that  these  pressure 
transducers  were  not  only  more  accurate,  but  also  more 
robust  during  installation.  In  addition,  thermal 
calibration  time  is  minimal  because  the  thermal  output 
is  small  and  very  repeatable.  We  now  conduct  the 
filling  process  with  a  total  of  four  Dynisco  pressure 
transducers:  one  measuring  the  molten  lithium 
pressure,  and  one  measuring  the  hydraulic  ram 
pressure,  and  two  measuring  the  preload. 

LITHIUM  MATERIAL  PROPERTIES 

Most  metals  have  a  linear  coefficient  of  thermal 
expansion  (a)  of  between  10-25  iirC,  Lithium  has 
one  of  the  highest  linear  CTE’s  of  any  metal:  0?^  =  46- 
56  ]irC  from  20-180  ®C.  This  contributes  to  a  large 
loss  in  preload  as  the  lens  cools. 

While  the  thermal  properties  of  lithium  are  well 
known  and  trusted,  the  mechanical  properties  are  not. 
Very  little  data  is  available;  thus,  the  confidence  for 
that  data  is  low.  Lithium  is  too  soft  to  be  used  in 
structural  engineering,  so  there  has  not  been  any  great 
need  to  accurately  determine  the  mechanical  properties. 
Values  for  the  elastic  modulus  (Elj)  have  been 
reported^^*®’’^^  anywhere  from  280  -  1131  ksi  at  room 
temperature.  There  is  only  one  known  set  of 
temperature  dependant  data^’^,  so  that  data  at  35  ""C  will 
be  used  for  the  remainder  of  this  discussion. 

Given  that  El^  =  896  ksi  and  Poisson’s  Ratio  (v^) 
is  equals  to  0.36,  the  bulk  modulus  (K^)  can  be 
calculated,  and  is  equal  to  1067  ksi.  It  is  interesting  to 
note  that  Ey  decreases  significantly  as  the  temperature 
increases  from  20-180  °C.  This  is  because  the 
homologous  temperature  (Th  =  Tabs/T^eu)  is  greater  than 
0.65.  Steady  state  creep  that  is  analogous  to  viscous 
flow  occurs  at  Th  >  0.7,  or  T^  >  45  ®C. 
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THERMAL  EXPANSION  MODULUS  the  preload  rate  is  not  uniform  throughout  the  lithium 

cavity.  An  axi-symmetric  weighted  average  of  the  PR 
The  bulk  modulus  (K)  is  a  relationship  that  in  this  model  is  about  71  psi/°C  at  35  ®C. 
expresses  change  in  pressure  with  respect  to  volumetric 
strain  ( AV IV ).  Compressibility  (X)  is  then  defined 
as  the  inverse  of  the  bulk  modulus: 


Figure  2,  Axisymmetric  model  of  the  Preload  Rate 


The  volumetric  coefficient  of  thermal  expansion  ( j8 )  is 
simply  three  times  the  linear  coefficient  of  thermal 
expansion:  =  3a^.  =  142  |x/°C  at  35  ®C, 

A/  =  /aAT  AV  =  yj8Ar  (2) 


By  combining  equations  (1)  and  (2),  a  very  important 
material  property  is  derived  that  is  called  the  Thermal 
Expansion  Modulus  (TEM): 


^T  X 


TEM  =  ^ 
X 


(3) 


This  is  purely  a  theoretical  relationship  that  describes 
the  increase  in  pressure  of  lithium  in  a  completely  rigid 
container.  Based  on  the  material  properties  mentioned 
before,  TEM^  =151  psi/°C.  In  practice,  though,  no 
container  is  completely  rigid.  Because  the  containment 
vessel  will  flex  with  pressure,  the  actual  loss  of  preload 
is  a  function  of  the  stiffness  of  the  vessel.  Therefore,  a 
loss  of  151  psirC  is  the  theoretical  maximum  that  can 
be  expected  at  35  ®C. 

PRELOAD  RATE 


It  is  interesting  that  this  model  does  not  agree  with  the 
empirical  results.  After  the  stop-cocks  are  closed,  the 
measured  PR  for  the  lens  is  about  46-48  psi/®C. 

There  are  two  plausible  explanations  for  this 
discrepancy.  First,  it  could  be  caused  by  a  temperature 
differential  between  the  lithium  and  the  lens  body.  The 
effective  PR  drops  sharply  if  the  lithium  is  cooler  than 
the  lens  body,  by  even  1-2  °C,  A  differential  of  up  to  4 
has  been  observed.  Secondly,  it  is  also  possible  that 
the  Eli  mentioned  is  not  correct.  An  E^  of  500-600  ksi 
would  better  correlate  with  the  empirical  results,  and  is 
well  within  the  range  of  published  data.  Most  likely,  it 
is  a  combination  of  both  explanations. 

The  PR  as  previously  discussed  is  for  a  constant 
volume.  During  most  of  the  filling  process,  however, 
the  stop-cocks  are  open;  this  will  be  referred  to  as  PR’. 
Liquid  or  solid  lithium  can  flow  into  or  out  of  the  lens, 
depending  on  the  pressure  differential  between  the  lens 
and  the  bellows.  While  the  nominal  PR’  during  this 
phase  is  50  psi/°C,  the  short  term  PR’  varies  from  20- 
70  psi/®C.  The  pressure  gradient  is  necessary  to  cause 
the  short  term  PR’  to  increase  or  decrease 
proportionally,  in  an  attempt  to  achieve  the  desired 
preload  at  room  temperature. 


The  preload  rate  (PR)  describes  the  change  in 
pressure  for  lithium  in  an  elastic  containment  vessel. 
For  a  simple  cylinder,  it  can  be  shown^^^  that: 


AT 


2R 


Et 


(4) 


Here,  R  is  the  inner  radius  of  the  tube  and  t  is  the  wall 
thickness.  Test  data  on  a  simple  titanium  tube  (Eji  = 
16.5  Msi)  has  confirmed  the  validity  of  this 
relationship.  A  7/8”  tube  with  =  0.061”  resulted  in  a 
PR  of  87-95  psi/°C  from  100  down  to  20  ^C. 
Equation  (4)  predicts  84  psi/®C  at  35  °C. 

Because  the  lithium  cavity  in  the  lens  is  not  a 
simple  cylinder,  theoretically  predicting  the  lens 
preload  rate  is  very  complicated.  For  the  cylinder  part 
of  the  septum,  equation  (4)  predicts  that  PR  =  67 
psi/°C,  given  Rj,  =  1.0  cm  and  =  0.040”.  Finite 
Element  Analysis  has  been  used  to  investigate  this 
further.  Figure  2  shows  a  contour  plot  of  the 
hydrostatic  pressure  over  1  ®C.  As  one  would  expect, 


CONCLUSIONS 

With  better  instrumentation,  we  have  been  able  to 
more  accurately  measure  the  preload  of  the  lithium 
during  the  filling  process.  Developing  the  TEM  and 
PR  relationships  has  helped  us  to  predict,  and  therefore 
better  control  the  final  preload.  Further  FEA  and  a 
more  accurate  E^  is  necessary  to  increase  our 
understanding  of  this  phenomenon. 
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Abstract 

The  lithium  collection  lens  is  a  high  current  (greater 
than  0.5  M A),  pulsed  device  used  to  focus  antiprotons  just 
downstream  of  the  production  target.  Pre-mature  failure 
of  these  lenses  has  led  to  extensive  efforts  to  understand 
the  cause  of  the  failures.  One  of  the  main  unknowns  is  the 
structural  behavior  of  lithium  under  such  extreme  loading 
conditions.  Lithium  can  be  categorized  as  a  soft  or 
"plastic"  solid  with  relatively  low  modulus  of  elasticity 
and  yield  strength.  Very  little  is  available  on  its  nonlinear 
and  viscoplastic  (rate  dependent)  structural  properties. 
Tests  were  conducted  to  determine  the  rate  dependent 
tensile  behavior  and  creep  response  of  lithium  at  various 
temperatures.  Results  of  these  tests  are  presented. 

INTRODUCTION 

The  FNAL  collection  lens  operates  by  passing  a  large 
axial  current  through  a  solid  lithium  (Li)  cylinder  1  cm  in 
radius.  This  produces  a  strong  magnetic  field  proportional 
to  the  radius  and  has  the  advantage  of  focusing  in  both 
transverse  planes.  The  1  cm  lens  was  designed  for  a 
focusing  gradient  of  1000  T/m,  but  due  to  premature 
failure  it  is  currently  operated  at  reduced  gradients.  At  a 
lower  gradient  of  around  745  T/m,  the  lens  can  last  for 
millions  of  pulses  and  have  an  operational  life  greater 
than  six  months.  The  downside  is  lower  antiproton  yield 
due  to  a  reduction  in  focusing  strength.  The  goal  is  to 
develop  a  lens  design  capable  of  1000  T/m  over  a  1  cm 
radius  aperture  without  failing  in  less  than  10E6  pulses 
[1].  For  this,  a  thorough  understanding  of  the  lens  electro¬ 
mechanical  behavior  is  desired. 

The  Li  cylinder  is  enclosed  in  a  water-cooled  titanium 
alloy  (6A1-4V  ELI)  jacket  called  the  septum.  Its  purpose 
is  to  contain  the  Li  against  the  extreme  thermal  and 
magnetic  loads  from  the  beam  and  pulse.  For  proper  lens 
operation,  a  negative  Li  hydrostatic  stress  (preload)  of 
about  2,500psi  is  required  for  optimum  lens  life.  This 
preload  is  aimed  to  minimize  Li-titanium  separation 
caused  by  magnetic  forces  during  each  pulse. 

Mechanical  failure  of  the  lens  typically  occurs  in  the 
titanium  septum,  and  although  failure  theories  abound, 
definitive  evidence  of  a  single  cause  has  yet  to  be 
identified.  A  comprehensive  finite  element  model  of  the 
lens  has  been  developed  using  ANSYS®  [2,3].  The  aim  is 
to  better  understand  the  mechanisms  leading  to  failure. 
One  of  the  main  unknowns  has  been  the  mechanical 
behavior  of  Li  at  high  strain  rates.  While  thermal  and 
electrical  properties  for  Li  are  well  documented,  very  little 
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mechanical  data  is  available  [4].  Basic  properties  such  as 
modulus  of  elasticity  and  plastic  behavior  have  not  yet 
been  clearly  defined. 

TENSILE  TESTS 

Dog  bone  shaped  tensile  specimens  were  cast  as  shown 
in  Fig.  1.  Tensile  tests  were  conducted  on  an  MTS  880 
servo-hydraulic  Material  Test  System,  To  minimize 
interaction  with  the  environment,  the  samples  were 
immersed  in  mineral  oil  inside  a  cylindrical  chamber.  The 
chamber  was  wrapped  with  heating  tape  to  heat  the  oil  to 
the  required  temperature.  The  oil  was  fully  stirred  before 
testing  to  ensure  a  uniform  temperature  distribution.  To 
prevent  the  soft  sample  from  bending  or  twisting  during 
sample  insertion,  the  upper  end  of  the  sample  was  pinned 
to  the  testing  machine  with  a  specially  designed 
connecting  fixture.  Stress-strain  curves  were  obtained  by 
recording  the  load  versus  displacement  data,  calibrated 
using  an  extensometer  during  testing.  For  small  strain 
measurements,  strain  gauges  were  attached  to  the  Li 
sample  using  a  non-reactive  adhesive. 


Figure  1:  Li  tensile  specimen. 

The  samples  were  pulled  at  four  strain  rates  (0.002s'\ 
0,01s  \  0.10s  ^  and  1.05s*^)  and  three  temperatures  (room 
temperature,  50®C,  and  75°C).  Room  temperature  plots  of 
true  stress  versus  true  strain  (Gj  -ex)  at  different  strain 
rates  are  given  in  Fig.  2.  The  modulus  of  elasticity  (E) 
was  calculated  from  the  elastic  unloading  part  of  the 
stress-strain  curve  (Ot=E  ej).  The  plastic  strain-hardening 
region  can  be  defined  by  the  equation: 

CTt=K8/  (1) 

where  K  and  n  are  hardening  parameters.  Table  1  lists 
these  parameters  together  with  E  values  for  the  different 
strain  rates  and  temperatures.  The  yield  strength  CTo.2  was 
defined  as  the  stress  at  0.2%  strain  offset,  and  the  ultimate 
tensile  strength  Guts  was  the  greatest  load  the  sample 
withstood  before  necking  and  ultimate  fracture. 

A  rate  dependent  viscoplastic  model  can  be  evaluated 
which  accurately  describes  the  hardening  behavior.  The 
Perzyna  model  [5]  was  employed  which  is  of  the  form: 
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Figure  2:  True  stress  vs.  true  strain  for  Li  at  room 
temperature  and  different  strain  rates. 


Figure  3:  Effect  of  strain  rate  on  the  yield  stress  of  Li  at 
room  temperature  showing  Perzyna  model  fit. 


Table  1 :  Tensile  test  results. 


Strain  Rate  /s 

0.002 

0.01 

0.10 

1.05 

C0.2  (MPa) 

0.76 

0.76 

0.85 

1.10 

Cits  (MPa) 

0.89 

1.10 

1.69 

2.28 

n 

K(MPa) 

1.12 

1.75 

E  (GPa) 

Room 

Temperature 

O0.2  (MPa) 

0.85 

(Tuts  (MPa) 

HElEBi 

1.38 

n 

0.14 

0.14 

11100311 

K(MPa) 

0.65 

1.16 

2.14 

E  (GPa) 

5.00 

SOT 

(To.2  (MPa) 

0.41 

0.45 

0.72 

0.90 

Outs  (MPa) 

0.46 

0.60 

1.02 

1.54 

n 

0.053 

0.098 

0.16 

0.19 

K(MPa) 

0.57 

0.81 

1.64 

2.66 

E  (GPa) 

4.00 

75*C 

where  Gy  is  the  effective  yield  stress,  Go  is  the  static  yield 
stress  (ao2  at  .002s’^),  e  is  strain  rate,  y*  is  the  material 
viscosity  parameter,  and  5  is  the  strain  rate  hardening 
parameter.  Fig,  3  shows  a  plot  of  effective  yield  stress  vs. 
strain  rate  at  room  temperature  and  the  corresponding 
Perzyna  parameters.  The  effective  yield  stress  rises 
sharply  beyond  strain  rates  of  0.01. 


COMPRESSIVE  CREEP  TESTS 

To  simulate  the  behavior  of  Li  in  the  septum,  a  test  was 
conducted  to  study  the  dynamic  response  of  Li  under 
compression.  A  titanium  alloy  tube  with  similar 
dimensions  to  the  septum  was  filled  with  Li  and 
pressurized  at  one  end  while  the  other  end  was  capped. 
The  resulting  pressure  distribution  in  the  Li  was  measured 
with  respect  to  time  using  strain  gauges  mounted  on  the 
exterior  of  the  tube  as  shown  in  Fig.  4.  Six  strain  gages 
spaced  at  varying  intervals  were  used. 


THERMOCOUPLE 


□  FILL  TUBE  ^OVENCHAMBB?  ^Pt 


<7/8O.D.x,061WALU 


Figure  4:  Li  fill  tube  assembly  showing  (6)  strain  gauges 
positioned  at  0”,  1/2”,  1  Vi”,  2 1/2”,  3  1 1/16”,  and  4  7/8”. 


The  entire  assembly  was  placed  inside  a  cylindrical 
oven  chamber  to  heat  the  Li  to  the  required  temperature. 
Thermocouples  mounted  on  the  fill  tube  monitored  the  Li 
temperature.  Pressure  was  applied  via  a  hydraulic  system 
using  standard  hydraulic  oil  directly  in  contact  with  the 
Li.  Point  of  load  application  was  close  to  strain  gauge 
location  1  (SGI).  The  strain  gauge  readings  were 
converted  to  radial  stress  (preload)  values  on  the  tube 
inner  wall  (i.e.  pressure  exerted  by  the  Li  on  the  titanium 
tube).  Tests  were  conducted  at  two  pressures  (2000psi  and 
4000psi)  and  four  temperatures  (room  temperature,  50°C, 
80°C,  and  1 10°C).  Note  that  the  melting  point  of  Li  is 
relatively  low  at  180.6°C.  Results  were  obtained  in  the 
form  of  preload  versus  time  curves  for  each  strain  gage 
location  as  shown  in  Fig.’s  5  and  6. 

Creep  is  a  rate  dependent  material  nonlinearity  in  which 
the  material  continues  to  deform  under  an  applied  load, 
typically  accelerated  by  temperature.  From  a  material 
viewpoint,  creep  and  viscoplasticity  are  the  same  except 
that  the  time  scales  involved  are  different.  Creep,  unlike 
plasticity  and  Perzyna  viscoplasticity,  does  not  involve  a 
yield  surface  at  which  inelastic  strains  occur.  Thus,  creep 
strains  are  assumed  to  develop  at  all  non-zero  deviatoric 
stresses.  Creep  strain  is  typically  a  function  of  stress, 
strain,  time,  and  temperature  [6].  Over  several  pulses  in 
the  lens,  creep  is  thought  to  play  an  important  role  as  the 
Li  undergoes  various  loading  cycles  [2].  Since  Li  bonds 
tightly  to  the  titanium  surface,  a  no  slip  boundary 
condition  is  assumed  and  in  the  case  of  the  tube  test,  the 
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time  dependent  distribution  of  pressure  across  the  tube  is 
thought  to  be  primarily  by  creep. 


Figure  5:  Preload  vs.  time  for  Li  at  50°C  showing 
relaxation  after  load  removal  (4000psi  test). 


Figure  6:  Effect  of  applied  pressure  on  preload  at  strain 
gauge  locations  5  and  6  at  80°C. 


Figure  7:  Effect  of  temperature  on  preload  at  strain  gauge 
location  6  (4000psi  test). 


CONCLUSION 

Temperature  dependent  elastic  and  viscoplastic 
properties  of  Li  have  been  accurately  measured  in  tension. 
The  elastic  modulus  at  room  temperature  (7.8GPa)  was 
found  to  be  significantly  higher  than  previously  published 
results  (2.0-5.0GPa).  Li  exhibited  significant  work 
hardening  at  higher  strain  rates  with  a  very  small  elastic 
region.  The  sample  stretched  considerably  with  extreme 
necking  before  final  fracture  at  a  very  small  cross  section. 

The  compressive  creep  tests  also  revealed  interesting 
results.  It  was  seen  that  Li  creeps  rapidly  especially  at 
higher  temperatures  as  shown  in  Fig.  7.  At  lower 
temperatures,  a  uniform  preload  was  not  achieved  across 
the  tube.  A  drawback  of  this  test  was  that  it  did  not 
measure  Li  creep  strain  directly.  The  authors  would  also 
like  to  point  out  that  at  the  time  of  writing  this  paper,  data 
from  these  tests  was  still  being  analyzed  and  only  partial 
results  have  been  presented.  Interested  parties  should 
contact  the  author(s)  directly  for  further  information. 

Based  on  the  above  observations,  Li  in  the  lens  will 
most  likely  undergo  some  combination  of  viscoplasticity 
and  creep  which  will  have  to  be  incorporated  in  the 
ANSYS®  finite  element  model. 

FUTURE  WORK 

Since  Li  is  almost  always  in  compression  in  the  lens, 
the  tensile  tests  should  be  repeated  in  compression  to 
check  for  possible  differences  in  material  behavior. 
Higher  strain  rate  tests  should  also  be  conducted  to  see 
whether  Li  exhibits  further  work  hardening 
characteristics,  since  strain  rates  in  the  order  of  10^  and 
10^  are  seen  in  the  lens  based  on  finite  element  analysis 

[2].  Standard  compressive  creep  tests  should  also  be 
conducted  in  which  creep  strain  is  measured  directly.  A 
temperature  dependent  comprehensive  creep  model 
should  be  developed  from  these  tests  and  verified  using 
the  tube  test  results. 
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Abstract 

A  beam  study  of  the  RF  fast  chopper  system  in  the 
MEBT  of  the  J-PARC  linac  was  successfully  performed 
up  to  a  beam  current  of  25  mA.  The  achieved  rise/fall 
time  of  the  chopped  beam  was  about  10  ns.  A  beam  signal 
during  the  chopper-on  period,  measured  at  the  exit  of  the 
MEBT,  was  less  than  the  noise  level  of  the  monitor 
systems.  A  flexible  pattern  of  the  chopped  pulse  train  was 
achieved,  which  is  useful  for  various  kinds  of  operating 
pulse  modes  of  the  J-PARC  accelerator. 

INTRODUCTION 

The  J-PARC  accelerator  consists  of  three  main  parts:  a 
400-MeV  proton  linac,  a  3-GeV  rapid  cycling 
synchrotron  (RCS)  and  a  50-GeV  synchrotron  [1].  The 
linac  accelerates  a  50-mA  beam  of  500  ps  in  length  at  a 
repetition  rate  of  25  Hz.  A  fast  chopper  in  the  low-energy 
part  of  the  linac  was  planned  for  reducing  beam  losses  in 
the  RCS.  An  RF  chopper  [2,  3]  was  adopted  as  a 
deflecting  device  in  the  medium-energy  beam-transport 
line  (MEBT)  between  the  3-MeV  RFQ  and  the  DTL  [4]. 
In  order  to  satisfy  the  purpose  of  the  chopper  system,  it  is 
important  to  minimize  the  transient  rise/fall  time  of  a 
chopped  beam,  since  the  beam  behavior  in  the  transient 
periods  differs  from  that  in  the  steady  period,  resulting  in 
additional  beam  losses  along  the  accelerator.  A  beam 
study  up  to  the  MEBT  was  performed  [5].  The  results  of 
the  chopped-beam  study  are  described  in  this  paper. 

MEBT  LAYOUT 

The  layout  of  the  MEBT  is  shown  in  Fig.l.  There  are 
eight  focusing  magnets,  two  RF  bunchers,  two  324-MHz 
RF  chopper  cavities  (RFD-A  and  RFD-B),  five  sets  of 
steering  magnets,  a  beam  scraper  for  chopped  beams  and 
several  kinds  of  beam  diagnostics.  The  required  time 
structure  of  the  chopped  beam  is  shown  in  Fig.  2.  The 
chopping  frequency  is  around  1  MHz  in  accordance  with 
the  RF  frequency  of  the  RCS. 

Buncher-l  RFD-A  RFD-B  BEND  Buncher-2 
Q-1  0-2  0-3  0-4  0-5  0-6  0-7  0-8 

FCT-I  S<^T.3 

RFQ  PRF  SCRAPER 


Figure  1 :  Layout  of  the  MEBT. 


RF  CHOPPER  (RFD)  SYSTEM 

An  RFD  is  excited  with  a  TEl  1-like  mode.  A  loaded  Q- 
value  was  tuned  to  be  as  low  as  about  1 1  by  using  two  RF 
input/output  couplers  having  large  coupling  coefficients. 
There  are  five  methods  to  realize  a  faster  transient  rise/fall 
time  of  a  chopped  beam:  (1)  using  a  coupled  RFD  system 
[3]  for  obtaining  a  total  deflecting-field  strength  as  high 
as  possible  within  a  fixed  RF  power,  (2)  optimizing  the 
loaded  Q-value  for  obtaining  the  fastest  rise  time  on  the 
condition  of  a  limited  available  RF  power,  (3)  using  the 
phase-reversal  method  [6]  for  achieving  a  faster  fall  time 
in  the  end  part  of  the  RF  pulse,  (4)  using  excess  RF  power 
in  order  to  shorten  the  required  time  in  which  the 
deflecting  field  reaches  the  designed  field  level,  and  (5) 
using  a  power  amplifier  with  a  fast  rise/fall  time.  In  our 
system,  two  RFDs  are  connected  with  a  waveguide, 
making  a  coupled  cavity  system  and  saving  the  cost  of  an 
RF  power  source.  The  optimum  length  of  the  coaxial 
waveguide  between  two  RFDs  was  determined  based  on 
an  HFSS  simulation  [7]. 

We  constructed  a  30-kW  solid-state  power  amplifier. 
The  amplifier  consisted  of  thirty  power  modules,  each  of 
which  produces  an  RF  power  of  more  than  1  kW, 
resulting  in  a  maximum  available  power  of  36  kW.  The 
transient  time  of  the  power  amplifier  was  about  15  ns. 
The  incident  wave  for  the  power  amplifier  was  modulated 
in  amplitude  by  using  a  diode-switching  circuit. 

The  required  RF  power  of  22  kW  for  producing  a 
deflecting  field  of  1.6  MV/m  for  the  coupled  RFD  system 
was  determined  by  a  TRACE3D  simulation  under  the 
condition  that  the  chopped  beam  should  be  separated 
from  the  normal  one  by  4.4  mm.  The  deflecting  field 
reached  the  designed  value  in  nearly  half  the  rise  time  if 
the  driving  power  (PJ  was  increased  to  36  kW. 

A  beam  scraper  of  tungsten  was  installed  70  cm 
downstream  from  the  second  RFD.  The  transverse 


40  msec 


Figure  2:  Required  time  structure  of  the  linac  beam 
pulse.  A  chopping  ratio  of  56%  and  a  ring  RF 
frequency  of  1.23  MHz  are  assumed. 
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position  of  the  scraper  could  be  set  with  an  accuracy  of 
±0.1  mm  over  a  range  of  50  mm.  The  beam  current  on  the 
scraper  could  be  measured. 

METHOD  OF  CHOPPED-BEAM 
MEASUREMENTS 

Two  kinds  of  peak  currents  (5  and  25mA)  were  used.  A 
low  duty  factor  (repetition  rate  of  5  Hz  and  pulse  duration 
of  50  |bis)  was  selected,  thus  avoiding  damage  to  the 
scraper  surface  in  the  beginning  period  of  the  experiment. 

The  chopped  beam  experiments  consisted  of  three 
stages:  (1)  using  a  low-intensity  beam  and  a  single  RFD 
for  studying  the  fundamental  characteristics  of  the  RF 
chopper  system,  (2)  using  a  low-intensity  beam  and  a 
coupled  RFD  for  studying  the  operation  of  the  coupled 
RFD  system,  and  (3)  using  a  high-intensity  beam  and  a 
coupled  RFD  for  studying  the  characteristics  of  the  total 
system  under  realistic  conditions.  A  chopped  beam  was 
measured  by  using  several  kinds  of  beam  monitors:  slow 
current  monitors  (SCT),  fast  current  monitors  (FCT), 
beam  position  monitors  (BPM)  installed  in  each  Q- 
magnet,  a  beam  scraper  and  a  Faraday  cup.  Each  beam 
test  consisted  of  the  following  steps:  (1)  eight  focusing 
magnets  and  some  steering  magnets  were  tuned  for 
obtaining  both  the  highest  transmission  ratio  through  the 
MEET  and  the  allowable  transverse  emittance  growth 
along  the  MEET,  (2)  the  RF  amplitude  of  the  first 
buncher  was  set  to  the  design  value,  (3)  the  RF  phase  of 
the  first  buncher  was  set  so  that  the  average  beam  energy 
would  be  independent  of  the  buncher  operation,  (4)  the 
beam  scraper  position  was  set  according  to  the  results  of  a 
beam-size  measurement,  (5)  the  incident  power  of  the 
RFD  was  increased  gradually,  and  (6)  the  RF  phase  of  the 
RFD  was  scanned  for  searching  the  optimum  phase.  Some 
iterations  of  the  procedures  mentioned  above  were 
required. 


EXPERIMENTAL  RESULTS 

Beam  Profile 

The  profile  of  a  5-mA  beam  at  the  scraper  position  was 
determined  by  measuring  the  third  SCT  current  as  a 
function  of  the  scraper  position  (Fig.  3).  The  measured 
beam  size  was  smaller  than  10  mm,  which  roughly  agrees 
with  the  calculated  one  with  TRACE3D.  Then,  a  scraper 
position  of  10  mm  away  from  the  beam  axis  was  selected 
for  distinguishing  the  chopped  beam  from  the  normal  one. 
The  setting  was  effective  throughout  the  study  with  a 
beam  current  of  up  to  25mA. 


Deflecting  Position 


Figure  4  shows  the  deflecting  scheme  of  a  single  RFD 
system.  The  deviation  (Ax)  of  the  chopped  beam  from  the 
beam  axis  at  the  scraper  position  is  expressed  as 


Ax  =  0i(Li+l2)  1  + 


2mv 


where,  0i  is  the  deflecting  angle  in  proportional  to  the 
deflecting  electric  field  of  an  RFD,  q  the  electric  charge, 
E’  the  magnetic  field  gradient  of  the  quadrupole  magnet, 
m  the  rest  mass  of  the  protons,  v  the  velocity  and  L1&L2 
the  distances.  Figure  5  shows  the  measured  deflecting 
beam  position  at  the  scraper  as  a  function  of  the 
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Figure  3:  Measured  beam  fraction  cut  by  the  scraper  as 
a  function  of  the  scraper  position.  The  beam  current 
was  5  mA.  A  symmetric  transverse  profile  was 
assumed  in  data  processing. 


Figure  5:  Measured  deflecting  beam  position  at  the 
scraper  in  the  single  RFD-A  system  vs.  deflecting 
field  of  the  RFD.  The  calculated  deviation  for  both  the 
RFD-A  and  the  coupled  system  are  also  plotted. 
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Figure  6:  Signal  of  a  chopped  beam  measured  by  the 
eighth  BPM.  The  beam  current  was  24  mA.  Pin=36  kW. 
The  phase-reversal  switch  was  turned  on.  10  ns/div. 

deflecting  field  of  the  single  RFD-A  system.  The 
calculated  results  for  both  the  RFD-A  and  the  coupled 
RFD  operation  are  also  plotted.  The  agreement  between 
the  measured  and  calculated  results  is  satisfactory. 

Results  of  Coupled  RFD  Operation 

A  beam  test  with  the  coupled  RFD  system  was 
successfully  performed.  Figure  6  shows  a  chopped  beam 
pulse  measured  by  the  eighth  BPM.  A  very  short  pulse 
was  produced  to  clearly  observe  both  transient  parts.  A 
transient  time  of  about  10  ns  for  the  rise/fall  part  was 
obtained.  Figure  7  shows  a  typical  chopped  pulse  train. 
The  signal  arising  from  the  deflected  beam,  most  of 
which  was  scraped  by  the  scraper,  was  less  than  the  noise 
level  at  the  MEBT  exit,  indicating  that  the  fraction  of  the 
beam  at  the  exit  of  the  MEBT  during  chopper-on  time 
was  negligibly  small.  The  allowable  separation  between 
the  deflected  and  normal  beams  of  23  mA  was  obtained 
when  the  driving  power  of  the  coupled  RFD  system  was 
about  18  kW.  However,  the  measured  transient  rise  time 
of  15  ns  was  not  so  fast  that  a  driving  power  of  more  than 
18  kW  was  desirable  from  the  viewpoint  of  the  transient 
behavior.  The  tolerance  of  the  allowable  RF  phase  error 
of  the  RFD  was  sufficiently  large;  the  coupled  RFD 
system  provided  a  separation  between  the  chopped  and 
normal  beams  over  a  driving  RF  full  phase-range  of  96/52 
degrees  for  a  driving  RF  power  of  36/18  kW  and  a  beam 
current  of  about  5  mA.  The  method  for  making  any 
combination  of  the  chopped  beam  of  varied  pulse 
durations  or  varied  repetition  rates  was  established.  It  was 
found  that  the  RFD  system  is  very  stable  in  total 
performance.  There  were  no  problems  in  RFD  high- 
power  operation  during  the  beam  study  period  for  over 
one  month. 

Phase-Reversal  Operation 

In  Fig.  6,  the  input  RF  phase  was  reversed  by  180 
degrees  as  fast  as  possible  at  a  timing  of  about  12  ns 
ahead  of  the  RF  pulse  end.  This  increased  the  beam  rise 
time  by  more  than  3  ns. 


Figure  7:  Signal  of  a  chopped  beam  measured  by  the 
eighth  BPM.  The  beam  current  is  24  mA.  Pin=36  kW. 
The  phase-reversal  switch  was  turned  on.  100  ns/div. 

CONCLUSION 

It  was  proved  by  the  beam  study  that  the  RFD  chopper 
system  operates  very  well  up  to  a  beam  current  of  25  mA, 
satisfying  the  fundamental  requirements  for  a  chopped 
beam.  The  achieved  rise/fall  time  (10  ns)  of  the  chopped 
beam  was  close  to  the  limit  of  the  RF  chopper  system,  on 
the  condition  that  a  loaded  Q-value  of  11  and  a  limited 
available  RF  power  of  36  kW  were  used.  The  beam  signal 
during  the  chopper-on  period  measured  at  the  exit  of  the 
MEBT  was  less  than  the  noise  level  of  the  monitor 
systems.  A  flexible  pattern  of  the  chopped  pulse  train  was 
achieved,  which  is  useful  for  various  kinds  of  operating 
pulse  modes  of  the  J-PARC  accelerator. 
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Abstract 

The  availability  goals  and  installation  schedule  for  the 
Spallation  Neutron  Source  (SNS)  have  driven  the 
availability  and  installation  of  the  SNS  linac’s  high-power 
RF  systems.  This  paper  discusses  how  the  high-power  RF 
systems'  availability  and  installation  goals  have  been 
addressed  in  the  RF  transmitter  design  and  procurement. 
Design  features  that  allow  RF  component  failures  to  be 
quickly  diagnosed  and  repaired  are  also  presented.  Special 
attention  has  been  given  to  interlocks,  PLC  fault  logging 
and  real-time  interfaces  to  the  accelerator's  Experimental 
Physics  and  Industrial  Control  System  (EPICS)  archive 
system.  The  availability  and  cost  motivations  for  the  use 
of  different  RF  transmitter  designs  in  the  normal¬ 
conducting  and  super-conducting  sections  of  the  linac  are 
reviewed.  Factory  acceptance  tests  used  to  insure  fully 
functional  equipment  and  thereby  reduce  the  time  spent 
on  installation  and  commissioning  of  the  RF  transmitters 
are  discussed.  Transmitter  installation  experience  and 
klystron  conditioning  experience  is  used  to  show  how 
these  design  features  have  helped  and  continue  to  help  the 
SNS  linac  to  meet  its  availability  and  schedule  goals. 

1  OVERVIEW  OF  SNS  TRANSMITTER 
SYSTEMS 

The  Spallation  Neutron  Source  (SNS)  is  currently  under 
construction  at  Oak  Ridge  National  Laboratory  (ORNL). 
The  RF  systems  for  the  1  GeV  proton  linac  in  the  SNS  are 
the  responsibility  of  Los  Alamos  National  Laboratory 
(LANL).  Each  RF  system  consists  of  a  Converter 
/Modulator,  a  transmitter,  one  or  more  klystrons,  RF 
loads,  circulators  and  waveguide  to  deliver  the  RF  power 
to  the  accelerating  cavities.  Details  of  the  klystrons  and 
Converter/Modulators  can  be  found  in  other  papers  at  this 
conference  [1],  [2]. 

LI  Transmitters  Types 

The  transmitters  in  these  systems  are  divided  primarily 
into  two  different  types.  The  first  type  of  transmitter 
accommodates  a  single  2.5  MW,  402.5  MHz  klystron  or  a 
single  5  MW,  805  MHz  klystron.  Eleven  of  these 
transmitters  are  used  in  the  normal  conducting  (NC) 
portions  of  the  accelerator  and  two  more  in  the  High 
Energy  Beam  Transport  (HEBT)  systems,  as  shown  in 
blue  in  Figure  1.  This  single-klystron  transmitter  will  be 
referred  to  in  this  paper  as  an  NC  transmitter. 

The  second  type  of  transmitter  accommodates  up  to  six 
550  kW  klystrons  and  is  used  exclusively  in  the 
superconducting  (SC)  sections  of  the  linac.  This 
transmitter  type  will  be  referred  to  in  this  paper  as  an  SC 
transmitter.  Fourteen  of  these  transmitters  are  used  in  the 
current  configuration  of  the  SNS  linac  as  shown  in  blue  in 
Figure  1. 

«  Work  supported  by  US  Department  of  Energy. 


Figure  1:  The  SNS  linac  uses  13  single-klystron 
transmitters  and  14  six-klystron  transmitters. 

L2  Transmitters  Functions 

Both  types  of  transmitters  provide  support  and 
protection  for  the  klystron  or  klystrons  installed  within 
them.  This  support  includes  all  cooling  flow  metering  and 
diagnostics  for  the  klystrons,  RF  loads  and  circulators.  It 
also  provides  focus  electromagnet  power,  filament  power 
and  vac-ion  pump  power  for  the  klystron.  In  addition,  the 
transmitters  include  a  solid  state  RF  pre-amplifier  for  each 
klystron  and  interlocks  on  all  required  klystron  parameters 
to  shut  down  the  modulator  when  the  klystron  is  in  danger 
of  damage.  In  the  SNS  project,  the  power 
Converter/Modulator  that  provides  cathode  voltage  and 
current  to  the  klystrons  is  considered  as  a  separate  system 
and  is  discussed  in  another  paper  [2]. 

Each  transmitter  consists  of  three  major  sub-units:  a 
control  rack,  a  cooling  metering  cart  and  a  high  voltage 
enclosure.  The  sub-units  for  each  type  of  transmitter  are 
shown  in  Figures  2  and  3.  The  high  voltage  enclosures 
provide  support  for  each  klystron  and  contain  the 
klystron's  filament  transformer  and  cathode  current 
monitor.  The  cooling  metering  carts  contain  cooling 
diagnostics. 

The  NC  transmitter  cooling  carts  also  include  a  blower 
to  provide  air  cooling  for  the  klystron  windows.  The 
control  racks  contain  the  interlock  circuitry  and  solid  state 
RF  amplifiers  to  drive  the  klystrons.  The  402.5  MHz 
version  of  the  NC  transmitters  contains  a  402.5  MHz  solid 
state  RF  amplifier  in  the  control  rack  and  a  separate 
cooling  circuit  in  the  cooling  cart  for  50%  glycol/water 
cooling  of  the  402.5  MHz  RF  loads.  The  805  MHz 
version  of  the  NC  transmitter  contains  an  805  MHz 
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amplifier  in  the  control  rack  and  no  separate  glycol/water 
cooling  circuit  in  the  cooling  cart.  Aside  from  these 
characteristics  the  NC  transmitters  are  functionally 
identical. 


HV  Enclosure 

Figure  2:  Each  NC  transmitter  supports  a  single  2.5  MW 
or  5  MW  klystron. 

Cooling  Cart 


Control  Rack 

Figure  3:  Each  SC  transmitter  supports  up  to  six  550  kW 
klystrons. 

2  DESIGN  FOR  HIGH  AVAILABILITY 

2.1  SNS  and  Transmitter  Availability  Goals 

The  availability  goals  for  the  SNS  transmitters  were 
driven  by  the  availability  goal  for  the  total  SNS  system. 
The  availability  goal  for  the  entire  SNS  system  is  s90% 
by  June  2008  [3].  To  achieve  this  goal,  the  total 
availability  for  all  systems  within  the  linac  must  be 
greater  than  98%  [4]. 

In  addition  to  the  transmitters,  the  linac  includes  all 
accelerating  cavities,  circulators,  klystrons  and  all 
Converter/Modulator  power  supplies  [3].  For  this  reason, 
the  transmitters  were  allocated  only  a  small  portion  of  the 
allowable  down  time  for  the  linac.  Therefore,  the 
transmitter  availability  goal  was  chosen  to  be  >99.5%. 

Availability  is  defined  here  as  the  percentage  of  time 
that  all  transmitters  are  operational  during  the  time  that 
they  are  being  required  to  be  operational.  Scheduled 
maintenance  performed  during  time  when  the  rest  of  the 
accelerator  is  shut  down  is  not  included. 

A  prediction  of  availability  can  be  calculated  using  the 
Mean  Time  Between  Failure  (MTBF)  and  Mean  Time  To 
Repair  (MTTR)  as  follows: 


Av^lability  =  MTSF;NmR  ' 

An  availability  of  99.6%  (>99.5%)  implies  that  the  ratio 
of  MTBF  to  MTTR  be  249:1.  This  value  applies  to  the 
entire  set  of  27  transmitters,  so  the  ratio  for  each 
transmitter  is  27  times  greater,  or  6723:1. 

2.2  MTTR  Goal 

MTTR  includes  both  the  time  to  diagnose  the  problem 
and  the  time  to  repair  the  problem.  The  LANL  high 
power  RF  team’s  past  experience  with  high  power  RF 
systems  formed  the  basis  of  a  goal  of  one  hour  to 
diagnose  and  repair  a  transmitter  component  failure.  This 
goal  was  written  into  the  transmitter  specification  and  the 
vendor  was  required  to  provide  calculations  to  justify  their 
estimate  of  MTTR.  Explicitly  requiring  a  MTTR  analysis 
helped  the  vendor  to  keep  ease  of  repair  in  mind  from  the 
very  beginning  of  the  design  process. 

The  time  to  diagnose  a  failure  was  minimized  by  a 
sophisticated  first  fault  recording  system  within  the 
transmitter  control  rack.  A  fault  log  with  time  stamps  on 
each  fault  and  notations  on  the  fu*st  fault  allow  the  user  to 
determine  the  chronology  of  a  multiple  stage  failure. 

The  time  to  repair  a  failure  was  minimized  by  using  a 
very  modular  design  in  the  transmitter  sub-units.  Chassis 
within  the  control  rack  included  rails  to  allow  for  quick 
chassis  change  out.  Connectors  on  the  back  of  the  chassis 
in  the  control  rack  were  clearly  labeled  and  keyed  to 
reduce  the  chance  of  a  cross  connection  during  a  chassis 
change  out.  Fully  complete  drawing  packages  and 
schematics  were  explicitly  required  in  the  transmitter 
statement  of  work  to  insure  that  the  transmitter  vendor 
would  provide  usable  documentation. 

2.3  MTBF  Goal 

Once  the  MTTR  goal  was  established  to  be  one  hour, 
the  MTBF  goal  was  implied  to  be  >6723  hours.  An 
MTBF  goal  of  8000  hours  was  written  into  the  transmitter 
specification  to  allow  for  a  margin  of  error.  The  vendor 
was  required  to  provide  calculations  to  justify  their 
estimate  of  MTBF. 

MTBF  calculations  were  based  on  published  MTBF 
data  for  individual  components.  Preliminary  MTBF 
calculations  in  the  design  reviews  lead  to  many  design 
changes  that  would  not  have  been  found  otherwise. 
Design  modifications  included  adding  redundancy  on 
components  with  lower  reliability  such  as  cooling  fans 
and  power  supplies,  and  additional  cooling  where  it  would 
significantly  improve  the  MTBF.  The  MTBF  calculations 
took  into  account  the  unique  characteristics  of  the  klystron 
gallery  at  the  SNS  facility,  and  the  transmitters  were 
designed  to  maintain  their  reliability  in  an  ambient 
temperature  of  30  degrees  C, 

3  DESIGN  FOR  EASE  OF  INSTALLATION 
AND  COMMISSIONING 

The  installation  schedule  for  the  SNS  linac  is 
aggressive.  Conditioning  and  commissioning  of  the  RF 
systems  near  the  front  of  the  linac  is  performed  at  the 
same  time  RF  system  installation  is  being  done  further 
down  the  linac  gallery.  The  transmitters  were  designed  to 
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minimize  the ’/amount  of  labor  required  to  install  and 
commission  them. 

The  high  voltage  enclosures  were  provided  with  air 
pads  to  allow  them  to  be  moved  by  hand,  even  with 
klystrons  attached  and  while  filled  with  oil.  The 
transmitter  sub-units  (control  rack,  water  cart  and  HV 
enclosure)  were  delivered  fully  assembled  to  reduce  the 
amount  of  installation  labor.  Finally,  all  cables  and  water 
hoses  were  delivered  with  lengths  pre-cut  to  match  the 
most  up-to-date  layouts  of  the  klystron  gallery  and  cable 
trays. 

Requirements  for  complete  operating  and  installation 
manuals  were  written  into  the  transmitter  contracts  from 
the  start  of  the  project.  This  has  produced  well  done, 
quality  manuals  and  instructions  that  have  significantly 
aided  in  the  installation  process. 

The  transmitter  contract  included  an  option  to  require 
the  vendor  come  on  site  to  assist  in  the  installation 
process.  This  proved  effective  in  the  first  transmitter 
installation  at  LANL.  Installing  the  first  transmitter  as  a 
test  stand  at  LANL  helped  us  work  out  any  problems  in 
the  installation  process  and  helped  make  the  first 
installations  at  SNS  to  go  more  smoothly. 

Extensive  factory  acceptance  testing  was  performed  to 
reduce  the  frequency  of  "infant  mortality"  failures  during 
commissioning.  This  testing  included  a  96  hour  full 
power  heat  run  of  all  solid  state  RF  amplifiers  and  a  24 
hour  heat  run  of  the  complete  integrated  transmitter 
system  while  operating  every  sub-system  at  full  rated 
power. 

4  DESIGN  FOR  COST  CONTAINMENT 

Warranty  requirements  for  the  transmitters  were 
explicitly  defined  in  the  statement  of  work  in  order  to 
reduce  the  cost  of  any  transmitter  repair  in  the  early  stages 
of  SNS  operation. 

Costs  were  also  reduced  as  the  project  developed.  The 
NC  transmitters  were  specified  to  have  a  full  complement 
of  protective  interlocks  for  the  klystrons,  RF  loads  and 
circulators.  When  the  choice  was  made  to  go  with  a 
superconducting  linac  with  one  klystron  per  cavity,  the 
number  of  klystrons  in  the  superconducting  section 
dramatically  increased.  Eighty  one  550  kW,  805  MHz 
klystrons  are  now  required  in  the  superconducting  portion 
of  the  linac.  Because  of  the  large  number  of  relatively 
small  klystrons,  it  was  decided  that  fourteen  separate 
transmitters  would  each  support  5  or  6  klystrons,  as 
shown  in  Figure  1.  The  single  klystron  per  SC  cavity 
design  offered  a  significant  performance  advantage,  and 
this  performance  advantage  was  traded  off  against  the 
increased  transmitter  cost  caused  by  the  additional 
klystrons. 

SC  transmitter  cost  was  then  traded  off  against 
functionality.  The  elimination  of  transmitter  diagnostics 
such  as  cooling  temperature  measurement  will  make  the 
diagnosis  of  faults  in  the  RF  systems  more  difficult  to 
determine,  increasing  MTTR  for  the  RF  systems.  A 
comparison  of  features  in  the  NC  an  SC  transmitters  is 
shown  in  Table  1. 

SC  transmitter  costs  were  also  reduced  by  slowing 
down  the  specified  response  time  for  the  transmitter 
interlocks.  Slower  interlock  systems  were  less  expensive 


to  implement.  The  tradeoff  is  that  a  slower  interlock  can 
allow  a  fault  condition  to  occur  for  a  longer  period  of  time 
and  cause  more  damage  to  the  component  protected  by 
the  interlock.  Increased  damage  leads  to  a  decreased 
MTBF  and  an  increased  MTTR.  Table  2  compares  the 
specified  interlock  response  times  for  the  NC  and  SC 
transmitters. 


Table  1:  Comparison  of  Transmitter  Features 


Feature 

NC 

Transmitter 

SC 

Transmitter 

PLC  Fault  Loegine 

Y 

Y 

Cooling  Flow  Interlocks 

Y 

Y 

Cooling  Temp.  Interlocks 

Y 

N 

Calorimetric  Pwr  Interlocks 

^  Y 

N 

Calorimetric  Pwr  Recording 

Y 

N 

Table  2:  Comparison  of  Transmitter  Response  Time 
_  Requirements _ 


Fault 

NC 

Transmitter 

SC 

Transmitter 

Cathode  overcurrent 

<1  ws 

<100  ms 

Vac-ion  overcurrent 

<50  ms 

<100  ms 

Klystron  Magnet  Current 

<lws 

<100  ms 

Klystron  Magnet  Voltage 

<lws 

<100  ms 

Klystron  Body  Temp. 

<50  ms 

N/A 

Klystron  Body  Flow 

<50  ms 

<100  ms 

Klystron  Body  Power 

<50  ms 

N/A 

Klystron  Collector  Temo. 

<50  ms 

1  N/A 

Klystron  Collector  Flow 

<50  ms 

<100  ms 

Klystron  Collector  Power 

<50  ms 

N/A 

RF  Interlock  fault 

<50  ms 

<100  ms 

5  CONCLUSIONS 


The  development  of  the  RF  transmitter  systems  for  the 
SNS  project  has  been  a  challenging  endeavor.  The 
balance  between  reliability,  ease  of  installation  and  cost 
shifted  over  the  course  of  the  project.  These  changes  can 
be  seen  in  the  differences  in  design  between  the  NC  and 
SC  transmitters.  The  performance  advantages  of  the  one- 
klystron-per-superconducting-cavity  design  and  the  drive 
to  minimize  costs  were  deemed  to  outweigh  the 
corresponding  decrease  in  reliability  and  availability  of 
the  transmitters  in  the  superconducting  section  of  the 
linac. 
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R.  Hardekopf*^,  J.  Bemardin,  J.  Billen,  N.  Bultraan,  W.  Fox,  T.  Hardek,  S.  Hopkins,  S.  Nath,  D.  Rej, 
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Abstract 

Los  Alamos  completed  the  R&D  program  for  the  SNS 
linac  in  September  2002  with  publication  of  a 
comprehensive  report  on  the  SNS  coupled-cavity  linac 
(CCL)  hot  model  [1].  In  this  paper  we  summarize  the 
results  of  this  R&D  program,  including  design  of  the 
bridge-coupled  CCL,  refinement  of  the  design  through 
cold  models,  and  fabrication  and  testing  of  a  hot  model. 
We  describe  the  RF  system  used  to  power  the  model,  the 
prototype  water-cooling  and  vacuum  systems,  and  the 
experimental  tests  of  these  systems,  including  low-power, 
high-power,  and  radiation  measurements.  The  CCL  hot- 
model  experiments  answered  vital  questions  about  design, 
manufacturability,  and  stability  for  this  type  of  RF 
structure. 


INTRODUCTION 

The  Spallation  Neutron  Source  (SNS)  linac  consists  of 
four  accelerating  elements.  A  radio-frequency  quadrupole 
(RFQ)  accelerates  the  beam  from  an  ion  source  to  2.5 
MeV,  a  drift-tube  linac  (DTL)  accelerates  the  beam  from 
2.5  to  87  MeV,  a  coupled-cavity  linac  (CCL)  accelerates 
the  beam  from  87  to  185  MeV,  and  a  superconducting 
radio  frequency  linac  (SFF  linac  or  SCL)  accelerates  the 
beam  from  185  to  1,000  MeV.  The  linac  R&D  program  at 
Los  Alamos  centered  on  designing  and  testing  a 
representative  segment  of  the  CCL  with  full  RF  power. 
This  program  effectively  tested  both  the  physics  and 
engineering  designs  of  the  cavity  themselves,  as  well  as 
prototypes  of  the  vacuum,  water-cooling,  resonance 
control,  and  RF-power  systems. 

THE  CCL  HOT  MODEL 

A  “hot  model”  is  a  powered  section  of  a  linac  structure 
that  is  usually  constructed  as  a  prototype  before  major 
funds  are  committed  for  fiill  construction.  For  SNS,  the 
R&D  program  ran  concurrently  with  much  of  the  final 
design  and  procurement.  To  prove  the  concepts  in  time  to 
influence  manufacturing,  we  built  a  two-segment  CCL  hot 
model  with  prototype  vacuum  and  water  systems  The 
purpose  of  the  hot-model  was  to  (1)  confirm  the  physics 
design  and  manufacturing  of  the  cavities,  (2)  verify  the 
vacuum  and  resonance-control  systems,  (3)  qualify 
vendors  for  procurement  of  CCL  components,  and  (4) 
examine  operational  issues  such  as  cold  start, 
multipactoring,  cavity  conditioning,  RF-field  distribution 
under  power,  and  thermal  distribution.  See  [1  ]  for  details. 


*  Work  supported  by  the  Office  of  Basic  Energy  Science,  Office  of 
Science  of  the  US  Dept  of  Energy,  and  by  Oak  Ridge  National  Lab. 

*  hardekopf@lanl.gov 


Figure  1 .  CCL  hot  model  on  support  stand 

CAVITY  DESIGN 

The  SNS  CCL  requires  relatively  short  accelerating 
segments  compared  to  some  previous  CCLs  to  allow  the 
frequent  magnetic  focusing  required  for  high-current 
linacs.  This  requires  resonant  coupling  (bridge  couplers) 
between  a  large  number  of  segments  for  efficient  use  of 
RF  power.  We  used  the  cavity  design  code  Superfish  to 
design  the  shapes  of  the  cavities  and  to  compute  surface 
fields,  shunt  impedance,  and  transit-time  factors.  The  fidd 
contours  shown  in  Fig.  2  for  the  TMqio  mode  are  lines  of 
constant  magnetic  field  H,  which  are  parallel  to  the 
electric  field  direction. 


Figure  2.  Superfish  fields  for  CCL  accelerating  cells  for  p 
=  0.40  (left)  and  p  =  0.56  (right) 

In  addition  to  the  accelerating  cavities,  two  types  of 
coupling  cavities  and  a  bridge  coupler  cavity,  which  spans 
the  space  between  two  segments  of  the  CCL  structure, 
were  required^  One  coupling  cavity  connects  two 
accelerating  cavities  and  the  other  connects  an 
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accelerating  cavity  to  the  bridge-coupler  center  cavity.  To 
test  the  physics  design,  we  built  several  “cold  models’*  to 
determine  the  optimum  shapes  and  coupling  [2]. 


Figure  3.  Example  of  cold  model  with  bridge  coupler 


The  mechanical  design  of  the  CCL  hot-model  cavities 
is  described  in  [3].  The  CCL  is  a  multi-cell  copper 
structure  comprised  of  four  modules,  each  made  up  of 
twelve  segments.  Each  segment  contains  eight  accelerator 
cavities  or  cells  (see  Figure  below).  For  details  of  the 
fabrication  process,  see  [4]. 


CCT.  Segment  of  8  Cavities 


Figure  4.  A  CCL  8-cell  segment  with  exploded  view  of 
the  cooling  passages 

VACUUM  SYSTEM 

The  four  main  goals  of  the  vacuum  experiments  on  the 
CCL  hot  model  were  (1)  Determine  if  the  vacuum  system 
design  could  satisfy  the  vacuum  pressure  requirement  of 
9x10"^  Torr,  (2)  Measure  gas  composition  of  the  vacuum 
environment,  (3)  Obtain  empirical  data  to  benchmark  the 
numerical  vacuum  model,  and  (4)  Characterize  the 
vacuum  conditioning  process.  To  accomplish  these  goals, 
we  did  computer  modeling  to  design  the  system  and 
compared  the  experimental  results  with  the  model 
predictions.  The  results  confirmed  the  design  and  gave  us 
significant  data  important  to  final  design  of  the  CCL.  See 
Ref  [1]  for  details. 


Figure  5.  Hot-model  vacuum  manifold 

WATER  SYSTEM 

The  system  that  supplies  the  cooling  water  is  equipped 
with  a  pump  for  coolant  flow,  a  heat  exchanger  to  cool  the 
water,  a  heater  to  increase  cavity  temperature  if  needed, 
and  a  three-way  valve  to  divert  some  of  the  water 
returning  from  the  cavities  through  the  heat  exchanger 
while  allowing  the  rest  to  recirculate  [5]. 


Figure  6.  Simplified  diagram  of  water-cooling  system 

The  pump  is  run  at  a  constant  flow,  and  the  flow  rate 
into  the  cold  side  of  the  heat  exchanger  is  also  held 
constant.  Many  points,  including  surface  temperatures, 
water  temperatures,  flow  rates,  the  three-way  valve 
position,  forward  and  reflected  RF  power,  as  well  as  the 
RF  error  signal  are  instrumented  and  displayed  by  the 
control  system.  Numerical  flow  network  models 
successfully  predicted  pressure  drops  within  the  CCL  RF 
structure  and  water-cooling  skid.  See  Ref  [1]  for  details. 

RF  POWER  SYSEM 

The  805-MHz  RF  system  for  the  SNS  linac  was  initially 
designed  with  2.5-MW  peak-power  klystrons  that  used 
modulating  anodes  and  isolated  collectors.  For  the  hot- 
model  testes  we  initially  used  an  existing  modulator  to 
provide  power  for  the  klystron,  but  it  was  limited  in 
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average  power  capability.  Later  in  the  experiment,  we 
substituted  the  high-voltage  converter  modulator 
(HVCM),  providing  the  initial  test  bed  for  this  new 
technology.  The  2.5-MW  CPI  klystron  used  for  the  hot- 
model  tests  exceeded  all  specifications  and  produced  2.5 
MW  within  a  few  minutes  of  when  it  was  turned  on.  It 
performed  flawlessly  during  the  hot-model  tests.  The 
complete  hot-model  RF-power  system  and  its  calibration 
are  described  in  [1]. 

ASSEMBLY  AND  OPERAION 

Following  assembly,  we  made  low-power  RF 
measurements  to  tune  the  cavities.  An  axial  bead- 
perturbation  measurement  showed  a  constant  value  of  EO 
to  within  ±  0.4%  rms.  See  [1]  and  [4]  for  details. 

t(  ,  ■ .  . .  » 
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We  also  measured  the  tilt  sensitivity  (or  stability  of  the 
fields  against  frequency  perturbations)  by  deliberately 
introducing  end-cell  perturbations.  We  raised  the  cell-1 
frequency  160  kHz  by  pulling  the  end  wall  and  lowered 
the  cell- 16  frequency  160  kHz  by  inserting  a  metal  tube  in 
the  bore.  A  plot  of  the  percentage  difference  in  field 
between  perturbed  and  unperturbed  measurements 
showed  the  expected  slope  of  -^50  kHz  [2]. 


Figure  8.  Photograph  of  the  bead-pull  measurements 
being  performed  on  the  CCL  hot  model 

An  important  goal  of  the  hot  model  testing  was  to 
measure  the  stop-band  gap  at  full  RF-power  operating 
conditions.  To  measure  the  stop  band,  we  used  the  last  50 
ps  of  the  pulse  to  switch  in  a  different  RF  generator 
whose  frequency  we  could  control.  By  observing  the 


reflected  power  during  this  part  of  the  pulse,  we  measured 
the  frequencies  of  the  two  nearest  modes  to  the  nfl  mode. 
The  stop  band  was  slightly  more  positive  at  high  power 
than  at  low  power.  The  fact  that  these  modes  remain  at 
very  nearly  the  same  frequency  at  different  power  levels 
indicates  that  cooling  of  the  coupling  cavities  is  well 
balanced  with  that  of  the  accelerating  cavities  and  that  the 
stop  band  in  the  dispersion  curve  is  not  sensitive  to  the 
power  level.  See  Ref.  [1]  for  details. 

Thermo-luminescence  detectors  (TLDs)  were  used  to 
take  measurements  of  the  dark-current  x-rays  at  a  nominal 
power  level  of  about  280  kW  during  a  1-hr  run.  The  TLDs 
were  placed  directly  above  the  0-ring  on  the  flange 
joining  the  accelerating  cavities  to  the  powered  bridge 
coupler.  The  readings  ranged  from  1.3  to  3.0  rad/hr.  For 
an  estimated  SNS  40-year  operating  life,  using  24-hr/day 
and  300  days/year,  the  highest  reading  of  3  rad/hr  is 
equivalent  to  0.9-megarad  accumulated  dose.  Since  Viton 
0-rings  have  an  estimated  radiation  tolerance  of  at  least 
20  megarad,  these  measurements  indicate  that  SNS  should 
have  no  trouble  with  this  use  of  0-rings  in  the  CCL. 

SUMMARY 

We  met  or  exceeded  our  principal  goals  of 
demonstrating  that  the  CCL  RF  structure  could  be  tuned 
and  operated  in  a  stable  manner  at  required  power  levels. 
We  developed  a  manufacturing  process  and  a 
comprehensive  tuning  plan  to  be  used  by  industry  [4].  We 
were  able  to  test  much  of  the  SNS  prototype  hardware  in 
an  integrated  test,  including  the  vacuum  system,  water- 
cooling  and  resonance-control  system,  the  HVCM,  the 
2.5-MW  prototype  klystron,  and  the  bridge-coupled  CCL 
structure.  This  experience  has  allowed  us  to  anticipate 
some  of  the  problems  that  LANL  and  ORNL  will  face  as 
we  test  and  commission  the  CCL  at  Oak  Ridge. 
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Abstract 

A  new  approach  has  been  taken  to  develop  and  build  the 
Low-Level  RF  Control  System  for  the  SNS  Front  End  and 
Linear  Accelerators,  as  reported  in  a  separate  paper  in  this 
conference[l].  An  interim  version,  based  on  the  proven 
LBNL  MEET  design,  was  constructed  to  support  short¬ 
term  goals  and  early  commissioning  of  the  Front  End  RFQ 
and  DTL  accelerators,  while  the  final  system[2]  is  under 
development.  Additional  units  of  the  interim  system  are  in 
use  at  JLab  and  LANL  for  concept  testing,  code  develop¬ 
ment,  and  commissioning  of  SNS  SRF  cryomodules.  The 
conceptual  design  of  the  MEET  system  had  already  been 
presented  elsewhere[3],  and  this  paper  will  address  oper¬ 
ational  experiences  and  performance  measurements  with 
the  existing  interim  system  hardware,  including  commis¬ 
sioning  results  at  the  SNS  site  for  the  Front  End  and  DTL 
Tank  3  together  with  operational  results  from  the  JLab  test 
stand. 

INTRODUCTION 

The  LLRF  hardware,  firmware,  and  software  described 
here  all  involve  evolutionary  changes  from  the  SNS  MEET 
design [3].  The  hardware  in  particular  was  modified  to  be 
simpler,  easier  to  assemble,  and  more  rugged  and  reliable 
in  the  field.  The  19”  rack-mount  chassis  changed  from  4U 
high  X  500  mm  (20”)  deep  to  2U  high  x  350  mm  (14”) 
deep. 

It  takes  very  little  laboratory  electronics  to  turn  on  a 
chassis  and  operate  a  cavity  with  it.  Besides  power  and 
Ethernet,  it  needs:  an  external  TTL  trigger/gate,  a  +5V 
interlock  permit,  and  +5  dBm  of  the  relevant  LO  (e.g., 
352.5  MHz).  The  frequency  of  operation  is  50  MHz  above 
the  LO;  three  passive  connectorized  filters  included  in  the 
chassis  have  to  match  the  RF.  The  available  output  power 
level  of +10  dBm  will  normally  need  amplification  to  drive 
a  cavity.  The  down  conversion  mixer  for  the  cavity  signal 
is  supplied  externally;  in  the  SNS  installation,  that  mixer 
is  temperature  controlled  and  matched  to  a  mixer  for  the 
phase  reference  signal. 

^This  work  is  supported  by  the  Director,  Office  of  Science,  Office  of 
Basic  Energy  Sciences,  of  the  U.S.  Department  of  Energy  under  Contract 
No.  DE- AC03-76SF00098.  The  SNS  project  is  being  carried  out  by  a  col¬ 
laboration  of  six  US  Laboratories:  Argonne  National  Laboratory  (ANL), 
Brookhaven  National  Laboratory  (BNL),  Thomas  Jefferson  National  Ac¬ 
celerator  Facility  (TJNAF),  Los  Alamos  National  Laboratory  (LANL),  E. 
O.  Lawrence  Berkeley  National  Laboratory  (LBNL),  and  Oak  Ridge  Na¬ 
tional  Laboratory  (ORNL).  SNS  is  managed  by  UT-Battelle,  LLC,  under 
contract  DE-AC05-00OR22725  for  the  U.S.  Department  of  Energy. 

^  ldoolitt@recycle.lbl.gov 


Figure  1:  Chassis  photograph. 


Figure  2:  Photograph  of  main  LLRF  circuit  board. 

DESIGN  AND  CONSTRUCTION 

The  heart  of  the  chassis  is  a  137x  132  mm  circuit  board 
that  holds  the  four  12:bit  ADCs  (ADS808)  operated  at 
40  MS/s,  and  a  single  i  2-bit  DAC  (DAC902)  operated  at 
80  MS/s.  A  (now  obsolete)  Xilinx  XC2S150  FPGA  pro- 
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vides  the  signal  processing  path,  and  connects  to  an  em¬ 
bedded  single  board  computer,  the  Bright  Star  Engineering 
nanoEngine[4].  Four  of  that  computer’s  digital  I/O  pins 
are  used  to  program  the  FPGA  via  its  JTAG  interface.  The 
FPGA  also  provides  access  to  housekeeping  functions:  a 
phase  lock  loop,  4  channels  of  slow  DAC,  8  channels  of 
slow  ADC,  a  serial  number,  and  a  digital  thermometer.  The 
chassis  as  a  whole  dissipates  28  Watts,  using  linear  5V  and 
15V  open  frame  power  supplies. 

The  phase  lock  loop  circuitry,  based  on  an  ADF4001, 
can  lock  the  on-board  voltage  controlled  crystal  oscillator 
(VCXO,  80  MHz  Connor-Winfield  UPLD54TE)  to  an  ex¬ 
ternal  source.  In  our  case,  that  source  is  a  50  MHz  phase 
reference  that  is  used  to  synchronize  cavities  across  the  ac¬ 
celerator  site.  For  most  bench  testing  purposes,  that  ca¬ 
pability  can  be  ignored,  and  the  system  free  runs  at  a  fre¬ 
quency  that  is  typically  6  kHz  low. 

Of  the  four  high  speed  input  channels  on  the  board,  one 
was  originally  labeled  “spare.”  That  channel  has  now  been 
pressed  into  service  recording  the  input  phase  reference 
signal.  Measurement  of  its  phase,  and  performing  software 
corrections  based  on  it,  corrects  for  both  the  four-fold  state 
held  in  the  PLL,  and  most  of  the  phase  drift  involved  in 
bringing  the  cavity  field  pickup  signal  from  the  tunnel  to 
the  control  rack  [5]. 

The  original  SNS  MEET  chassis  generated  its  50  MHz 
IF  output  from  a  distinct  50  MHz  source  and  an  analog  I/Q 
modulator.  To  eliminate  the  need  for  that  separate  (exter¬ 
nal)  signal  source,  a  high  speed  DAC  was  pressed  into  ser¬ 
vice  to  directly  generate  a  vector  controllable  50  MHz  sig¬ 
nal.  A  nominal  30  MHz  waveform  is  updated  at  80  MS/s 
using  a  DAC  with  a  current  rise  time  of  a  nominal  1  ns.  This 
raw  output  has  “spurs”  at  50  MHz,  110  MHz,  130  MHz, 
and  higher,  with  power  in  each  line  proportional  to  1//^. 
A  pair  of  passive  analog  filters  selects  the  50  MHz  output 
for  up  conversion  to  the  final  frequency.  We  have  tested 
use  of  DDS  (Direct  Digital  Synthesis)  computations  inside 
the  FPGA  to  adjust  the  output  frequency  by  up  to  625kHz. 
No  additional  hardware  is  required  to  implement  this  ad¬ 
justment,  which  is  in  concept  limited  only  by  the  2.5  MHz 
bandwidth  IF  filters  used. 

Hard-wired  interlocks  provide  positive  cutoff  of  the  RF 
drive  in  case  of  external  fault  conditions.  This  feature  is 
purposefully  independent  of,  and  not  over-ridable  by,  the 
FPGA  and  embedded  computer. 

BENCH  CHARACTERIZATION 


FIRMWARE 

The  firmware  inside  the  FPGA  handles  all  timing  and 
computation  within  the  1  ms  SNS  beam  pulse,  without  in¬ 
tervention  from  the  host  computer.  Digitized  cavity  input 
samples  first  have  their  DC  offset  and  the  10  MHz  (nom¬ 
inal)  output  of  the  setpoint  DDS  subtracted,  to  create  an 
error  signal.  This  error  is  passed  through  a  digital  filter 

(Re(Ap)  +  Im(Ap)z-i)  •  (1  +  A//(l  +  z~^)) 

to  generate  the  output  drive  signal.  The  Re(Ap)  -j- 
Itsi{Ap)z~'^  term  provides  gain  and  phase  rotation  based 
on  the  complex  proportional  gain  coefficient  Ap.  The 
!/(!-(-  term  is  the  integrator,  and  Aj  (always  real  and 
positive)  sets  its  relative  strength.  The  three  multipliers  are 
constructed  as  dynamic  constant  coefficient  multipliers,  for 
speed  and  reduced  FPGA  logic  footprint.  This  filter  and  the 
DDS  account  for  most  of  the  1829  FPGA  logic  elements 
used  in  the  design  (53%  of  the  chip). 

The  FPGA  only  has  48  kbits  of  on-board  RAM,  in 
12  banks  of  4096  bits  each.  It  is  allocated  as  follows: 

512x8  Feedforward  table 

1024x  12  Decay  wave  (reflected  or  transmitted  signal) 

1 024  X 1 1  Forward  wave 

1024  X 1 1  Reflected  wave 

1024x  10  Transmitted  wave 

Each  table  is  filled  half  with  Real  (I)  and  half  with  Imagi¬ 
nary  (Q)  components  of  the  RF  waveforms.  The  latter  three 
history  buffers  are  intended  for  troubleshooting  and  opera¬ 
tor  comfort  displays;  they  have  programmable  decimation 
from  the  raw  signal  rate,  so  a  full  1  ms  pulse  can  be  viewed. 
Firmware  to  replace  the  decimation  with  16-bit  resolution 
averaging  has  been  written  but  not  tested.  The  decay  wave 
data  is  used  by  curve  fitting  routines  that  determine  cavity 
detune  frequency. 

With  a  few  exceptions,  the  signal  processing  path  is  ex¬ 
pressed  as  pure  synchronous  RTL  (Register  Transfer  Level) 
Verilog  in  the  40  MHz  clock  domain.  All  logic  related 
to  the  host  interface,  including  support  for  the  low  speed 
housekeeping  devices,  is  expressed  as  pure  synchronous 
RTL  Verilog  in  the  domain  of  the  25  MHz  bus  clock  pro¬ 
vided  by  the  embedded  single  board  computer.  Data  hand- 
off  between  these  two  clock  domains  happens  at  the  60  Hz 
(max)  pulse  rate,  so  classic  asynchronism  issues  such  as 
metastability  are  minimized. 


Careful  measurements  on  the  input  ADC  channel  SOFTWARE 

show  a  white  noise  spectrum  from  0.2  to  5  MHz  of 

0.22bits/\/  MHz  (1.0  bit  rms  of  each  sample).  Clock  Software  inside  the  embedded  computer  handles  all  net- 
jitter  adds  an  additional  broadband  noise  term  of  work  (100  Mbit  Ethernet)  traffic,  EPICS,  and  all  the  com- 
0.0075°/\/  MHz  (1 .3  ps  rms  on  each  sample).  This  noise  putation  that  happens  between  beam  pulses  spaced  at  least 
by  itself,  integrated  over  the  300kHz-ish  noise  bandwidth  15  ms  apart. 

of  a  closed  loop  cavity  system,  contributes  only  about  Recent  work  on  EPICS  [6]  has  made  it  portable  to  any 
0.012%  and  0.004°  of  rms  cavity  field  noise.  There  is  ad-  software  environment  with  POSIX  compatibility.  We  use 
ditional  low  frequency  noise  that  doubles  the  phase  noise.  this  capability  to  run  EPICS  R3.14.1  on  an  ordinary  Linux 


1465 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


(kernel  2.4)  system.  We  combine  about  1600  lines  of  appli¬ 
cation  and  hardware  specific  C  code,  with  another  900  lines 
of  custom  “glue”  and  the  existing  EPICS  code  base,  to 
make  the  final  EPICS  server. 

A  key  application  specific  routine  run  on  this  processor 
is  curve  fitting  to  determine  the  cavity  detune  frequency.  In 
most  cases  this  information  is  passed  over  the  network  to 
run  a  stepper  motor  or  water  temperature  control,  to  keep 
the  cavity  on  resonance. 

The  200  MHz  StrongARM  processor  boots  Linux  from 
Flash  and  NFS  mounts  application-specific  files  in  nine 
seconds.  Four  seconds  later,  the  FPGA  is  programmed  and 
the  EPICS  server  is  ready  for  client  connections. 

FRONT  END  BEAM  TESTS 

This  module  was  first  tested  with  beam  on  the  SNS  Front 
End  RFQ  in  January  2003.  During  the  limited  time  avail¬ 
able,  The  RF  system  as  a  whole  had  some  large  (15°),  re¬ 
peatable  phase  fluctuations,  although  it  could  never  be  iso¬ 
lated  to  single  piece  of  equipment.  No  such  noise  has  been 
seen  in  the  LLRF  system  before  or  since.  Further  tests  are 
planned  when  this  system  runs  both  the  RFQ  and  DTL  1 
during  the  next  beam  commissioning  run. 

SRF  TEST  RESULTS 
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Figure  3:  Cavity  waveforms  from  a  JLab  SRF  cavity  test. 

A  prototype  SRF  cavity  was  successfully  controlled  by 
an  interim  LLRF  system  at  JLab.  An  example  of  such  op¬ 
eration  is  shown  in  figure  3.  The  system  did  an  excellent 
job  of  removing  the  phase  and  amplitude  motion  within  the 
pulse  caused  by  Klystron  power  supply  droop.  The  largest 
error  terms  were  repetitive  from  pulse  to  pulse.  Careful 
hand  adjustment  reduced  these  terms  to  ±  1  %  and  ±  1  °  peak 
excursion.  Plans  exist  for  software  to  make  automated  and 
more  flexible  adjustments  to  the  feedforward  tables  to  re¬ 
duce  that  error  further.  The  pulse-pulse  phase  fluctuations 
during  these  initial  tests  appeared  to  be  in  the  ±0.3°  range. 

This  hardware  was  used  to  demonstrate  the  following  ca¬ 
pabilities  and  features  in  the  SRF  environment: 


•  Control  of  slow  cavity  tuners,  using  curve  fits  to  the 
trailing  edge  decay  waveform. 

•  Single  shot  (burst  mode)  determination  of  cavity  fre¬ 
quencies  detuned  by  up  to  8  kHz  (15  bandwidths). 

•  Fast  piezoelectric  tuner  compensation  of  Lorentz 
force  detuning. 

•  Calorimetric  (cryogenic)  cavity  Q  measurement, 

DTL  TEST  RESULTS 

This  system  has  run  SNS  DTL  (Drift  Tube  Linac)  tank  3 
in  open  loop  mode  at  various  duty  factors  for  conditioning 
the  structure.  Its  resonance  calculation  was  used  to  track 
the  temperature  changes  of  the  tank  during  warm-up,  with 
the  frequency  adjusted  using  an  external  synthesizer.  Work 
is  underway  to  replace  that  synthesizer  adjustment  with  the 
local  DDS  capabilities. 

CONCLUSIONS 

Using  FPGA  technology  for  low-latency  signal  process¬ 
ing  has  immediate  benefits  for  many  applications  in  accel¬ 
erator  electronics,  such  as  instrumentation,  interlocks,  and 
controls.  Even  FPGAs  that  are  relatively  small  (by  today’s 
standards)  can  do  an  impressive  amount  of  work,  simplify¬ 
ing  hardware  design  enormously. 

The  implementation  presented  here  has  shown  the  ben¬ 
efits  of  keeping  hardware  simple.  The  combination  of 
an  FPGA  and  a  networked  computer  has  made  it  easy  to 
add  new  features,  test  hardware  performance,  and  explore 
application  of  this  gear  to  other  accelerator  development 
projects.  We  look  forward  to  collaborating  with  other  labs 
on  further  development  of  this  technology. 

More  documentation  on  this  project  is  posted  online[7]. 
An  ongoing,  collaborative  effort  with  ORNL  and 
LANL[2]  takes  the  concepts  and  architecture  demonstrated 
here  and  engineers  a  system  that  can  be  fielded  in  quantity 
~100  for  the  long  term  needs  of  the  SNS  accelerator. 
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BEAM  DUMP  WINDOW  DESIGN  FOR  THE  SPALLATION  NEUTRON  SOURCE* 

G  Murdoch,  A.  Decarlo,  S.  Henderson,  S.  Kim,  K  Potter,  T.  Roseberry,  Oak  Ridge  National  Laboratory,  USA 
J.  Rank,  D.  Raparia,  Brookhaven  National  Laboratory,  USA 


Abstract 

The  Spallation  Neutron  Source  accelerator  systems  will 
provide  a  1  GeV,  1.44  MW  proton  beam  to  a  liquid 
mercury  target  for  neutron  production.  Beam  tuning 
dumps  are  provided  at  the  end  of  the  linac  (the  Linac 
Dump)  and  in  the  Ring-to-Target  transport  line  (the 
Extraction  Dump)  [1].  Thin  windows  are  required  to 
separate  the  accelerator  vacuum  from  the  poor  vacuum 
upstream  of  the  beam  dump.  There  are  several 
challenging  engineering  issues  that  have  been  addressed 
in  the  window  design.  Namely,  handling  of  the  high  local 
power  density  deposited  by  the  stripped  electrons  from 
the  H-  beam  accelerated  in  the  linac,  and  the  need  for  low- 
exposure  removal  and  replacement  of  an  activated 
window.  The  thermal  design  of  the  linac  dump  window 
is  presented,  as  is  the  design  of  a  vacuum  clamp  and 
mechanism  that  allows  remote  removal  and  replacement 
of  the  window. 

INTRODUCTION 

The  SNS  linac  zero  degree  beam  dump  is  to  be  passively 
cooled  dissipating  7.5kW  of  beam  power.  The  beam 
flight  tube  immediately  upstream  of  the  dump  will  be 
either  evacuated  or  back  filled  with  helium,  to  separate 
this  medium  from  the  accelerator  machine  vacuum  a  beam 
window  is  proposed. 

DESIGN  PARAMETERS 

Physics 

The  window  must  be  able  to  withstand  continuous  pulses 
of  2.1el4  H-  particles/pulse  with  a  pulse  duration  of  1ms 
at  a  frequency  of  0.2Hz;  continuous  running  is  simulated 
as  the  worst  case  scenario.  The  2-D  gaussian  proton  beam 
power  density  profile  for  Inconel  with  the  above 
conditions  is  given  in  Figure  1  assuming  a  window 
thickness  of  2mm  [2]. 


Mechanical 

Several  criteria  must  be  considered  during  the  mechanical 
design  process.  From  an  operations/maintenance  view 
point  a  passive  window  design  satisfying  the  physics 
parameters  above  would  be  the  optimum  solution  i.e.  no 
active  cooling  apart  from  convective  cooling  to  air.  Also, 


the  window  design  must  be  integrated  into  the  overall 
linac  dump  beam  line  design  with  consideration  for 
subsequent  handling  issues  such  as  shielding  and  remote 
removal  and  installation. 

MECHANICAL  DESIGN 

A  circular  domed  window  80mm  in  diameter  (beam 
diameter  is  40mm)  is  adopted  as  the  base  design  for 
thermal  analysis.  Initial  runs  indicated  that  the  maximum 
thermal  stress  can  be  reduced  by  --40%  if  the  beam 
impinges  on  the  outer  surface  of  the  dome  instead  of  the 
inner  surface,  it  is  likely  this  geometry  creates  less 
restriction  to  thermal  expansion  of  the  high  temperature 
surface.  Adopting  a  domed  window  is  also  advantageous 
from  a  structural  integrity  point  of  view.  Three  radial  fins 
are  added  to  promote  convection.  Three  materials  are 
considered,  Aluminum  6061-T6,  GlidCop  Al-15  & 
Inconel  718.  It  is  intended  to  integrate  the  window  design 
with  two  EVAC  type  vacuum  flanges,  this  allows  the 
window  and  flanges  to  be  designed  as  an  integral 
component.  Also,  to  aid  handling  a  remote  vacuum  clamp 
will  be  designed. 

THERMAL  ANALYSIS 

The  window  is  modeled  as  a  2-D  axisymmetric  running  a 
transient  thermal  analysis  to  mimic  the  pulsed  beam 
parameters.  The  beam  loading  is  input  to  the  ANSYS 
solution  solver  via  a  text  program  written  to  enable  the 
specific  beam  conditions  to  be  applied.  Typical  Inconel 
7 1 8  values  for  the  proton  heat  generation  across  a  window 
thickness  of  2mm  and  electron  heat  generation  (across  the 
first  0.5mm  for  Aluminum  and  0.2mm  for  GlidCop  & 
Inconel  [3])  are  given  in  Figure  2,  these  are  derived  from 
Figure  1  using  the  appropriate  material  deposition  ratios 
[4].  The  incremental  values  are  applied  to  the  model 
nodes  as  a  function  of  radius  from  the  center  of  the 
window  outwards. 
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Figure  2 


ANALYSIS  RESULTS 

Considering  the  results  table  of  Figure  3,  the  maximum 
stress  in  Aluminum  after  45.01s  is  158  N/mm^,  which  is 
80%  of  the  yield  strength  of  the  material  at  200  C.  More 
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importantly  it  is  ~3  times  the  fatigue  endurance  limit. 
Running  the  window  consistently  above  the  fatigue  limit 
would  pose  questions  on  potential  crack  propagation  and 
consequently  lifetime  issues. 


Figure  3 


The  maximum  stress  seen  in  the  GlidCop  after  45.01s  is 
229  N/mm^  which  is  above  the  yield  strength  of  the 
material  at  200  C.  Comparison  with  fatigue  values  is 
difficult  as  data  at  elevated  temperatures  is  scarce.  Due  to 
the  poor  diffusivity  of  Inconel  the  analysis  is  run  for  a 
longer  period  of  time  to  achieve  near  equilibrium 
conditions,  Figures  4  shows  the  transient  analysis  plot  for 
Inconel-718.  The  maximum  stress  seen  in  the  Inconel 
window  is  596  N/mm^  (after  the  first  pulse)  but  tails  off 
to  a  maximum  value  of  486  N/mm^  at  195.04s,  shown  in 
Figure  5.  This  is  probably  due  to  the  window  absorbing 
heat,  slowly  warming  and  consequently  causing  a 
reduction  in  the  temperature  differential  across  the 
window.  These  stress  values  compare  favorably  with  a 
yield  strength  of  862  N/mm^  at  650  C  and  a  fatigue 
endurance  limit  of  655  N/mm^,  for  le7  cycles  at  540  C. 


Figure  4 


Figure  5 


The  stress  and  temperature  fringe  profiles  for  InconeI-718 
are  shown  in  Figure  6&7  respectively.  Consideration  of 
the  principal  stresses  shows  a  maximum  tensile  stress 
value  of  213  N/mm^  and  the  maximum  compressive  stress 
value  of  474  N/mm^,  this  compressive  stress  is  likely  to 
inhibit  crack  propagation  in  the  high  temperature  area. 
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Figure  6 
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ANALYSIS  CONCLUSIONS 

For  a  passively  cooled  window  Inconel-718  is  clearly  the 
most  robust  choice  of  the  three  materials  analyzed.  One 
concern  is  continuous  running  at  temperatures  in  the  order 
of  635  C,  although  this  is  localized  at  beam  center. 
Radiation  heat  transfer  from  the  window  surface  has  not 
been  considered  but  basic  calculations  show  that  the 
radiated  heat  is  negligible,  being  in  the  order  of  1  -  5 
watts  depending  on  the  emissivity  value  chosen.  The 
stress  values  are  well  within  the  yield  and  fatigue  limits 
quoted  in  the  extensive  literature  available  for  the 
material. 

Inconel-718  is  a  recognized  quantity  from  a  proton 
irradiation  lifetime  point  of  view,  however,  it  does  contain 
longer  half-life  isotopes  than  either  GlidCop  or  Aluminum 
and  consequently  will  remain  more  activated.  This  will 
have  to  be  taken  into  consideration  in  all  work  planning  as 
an  ALARA  issue.  The  choice  of  a  high  integrity  material 
such  as  Inconel-718  should  lead  to  less  down  time  and 
consequently  improved  machine  availability.  A  3-D  ProE 
model  of  the  finalized  window  design  is  shown  in 
Figure  8. 


Figure  8 


WINDOW  REPLACEMENT 

In  the  event  of  a  window  failure  the  window  would  have 
to  be  removed  and  replaced.  It  is  likely  that  this  could  not 
be  done  by  hands-on  maintenance  because  of  high 
residual  radiation  dose  rates  from  the  window  material 
and  surrounding  equipment.  Consequently,  a  window 
change  scenario  was  addressed  with  many  design  options 
studied. 

Two  remote  vacuum  clamp  designs  have  been  pursued 
both  of  which  are  built  and  ready  for  testing.  One  version 
of  the  clamp  is  shown  in  Figure  9,  The  clamp  is  designed 
to  utilize  a  standard  EVAC  type  flange. 


Figure  9 


A  test  rig  that  will  be  used  to  validate  the  vacuum  clamps 
and  mimic  a  full  window  change  scenario  has  also  been 
designed  and  manufactured,  this  is  shown  in  Figure  10. 


Figure  10 


The  test  rig  design  is  based  on  the  handling  concept  that 
the  window  assembly  shown  in  Figure  11  would  be 
removed  each  time  a  window  is  replaced.  A  cradle  will 
be  lowered  into  position  over  the  bellows  assembly,  the 
vacuum  clamps  are  then  opened  and  the  cradle 
manipulated  to  compress  the  bellows.  Once  the  bellows 
are  compressed  the  window  assembly  including  vacuum 
seals  that  are  captive  to  the  assembly  can  be  removed. 
Provision  has  been  made  in  the  design  for  testing  two 
proprietary  vacuum  seals,  EVAC  aluminum  diamond  and 
helicoflex  delta. 


Figure  1 1 
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Abstract 

The  timing  system  for  the  Pohang  Light  Source(PLS) 
Storage  ring  consists  of  a  trigger  synchronize  module,  a 
fine  delay  module,  a  repetition  rate  pulse  generator 
module,  and  so  on.  All  the  timing  modules  are  installed  in 
the  VXI  crate  and  controlled  by  the  32  bit 
microprocessors  with  the  host  computer.  Although  the 
timing  system  has  been  operated  without  any  serious 
problems  since  commissioning  in  1994,  there  were  some 
minor  troubles,  and  the  performances  were  not  so 
excellent.  Therefore,  upgrade  of  the  timing  system  is 
progressing  with  a  synchronous  universal  counter  and 
other  commercial  modules  of  NIM  type  for  increasing  of 
a  reliability,  easy  maintenance,  low  timing  jitters,  and  all 
types  of  beam  filling  pattern. 

1  INTRODUCTION 

The  Pohang  Light  Source  (PLS)  is  a  2.0  to  2.5  GeV, 
the  third  generation  synchrotron  radiation  source,  which 
has  a  full  energy  linac  and  a  storage  ring.  The  PLS  is 
usually  operating  at  180  mA  storage  currents  of  2.5  GeV 
full  energy  injection  with  400  multi-bunch  mode[l].  The 
function  of  the  timing  system  is  to  provide  the 
synchronized  trigger  signals  for  the  linac,  the  kicker 
magnet  of  the  injection  system,  so  that  a  bunch  will  be 
fully  accelerated  in  the  linac  and  transported  to  the 
injection  point  at  the  right  time,  and  injected  into  the 
storage  ring  properly.  The  PLS  timing  system  was 
capable  of  producing  trigger  pulses  for  all  the  pulsed 
devices  that  are  an  electron  gun,  klystron  modulators  as 
well  as  a  kicker[2]. 

Parameters  of  present  timing  system  are  shown  in  table  1 . 


Table  1.  Parameters  of  Present  Timing  System 


Storage  Ring  RF  Frequency 

500.082  MHz 

Harmonic  Number 

468 

Revolution  Frequency 

1.068  MHz 

Linac  RF  Frequency 

2856  MHz 

Repetition  rate  of  Gun 

10  Hz 

Repetition  rate  of  Modulators 

30  Hz 

No.  of  Modulators 

12  set 

Adjusting  Delay  range 

5  ps  to  2  sec 

General  Delay  for  Kicker 

42.09  us 

Jitter  between  SR  and  Linac 

--200  ps  (rms) 

2  PRESENT  TIMING  SYSTEM 

The  main  requirements  of  timing  system  is  to  fill  up  the 
required  storage  ring  buckets  as  well  as  partial  buckets  in 
any  pattern  and  have  the  small  timing  jitter  so  that  the 


beam  quality  and  the  transfer  efficiency  are  maintained. 
For  the  successful  injection,  the  timing  system  should 
provide  accurate  trigger  signals  for  the  gun,  klystron 
modulator  in  the  linac,  and  injection  kicker  magnet  in  the 
storage  ring.  For  high  flexibility  and  reliability  of  the 
timing  system,  all  timing  modules  are  installed  in  a  VXI 
crate,  and  fully  controlled  through  the  communication 
network  from  the  upper  level  computers.  The  timing 
trigger  pulses  are  generated  with  the  main  modules,  such 
as  a  trigger  synchronizer  module(TSM),  a  repetition  rate 
pulse  generator(RRG)  and  a  fine  delay  module(FDM). 
Figure  1  shows  a  block  diagram  of  the  present  timing 
system  for  the  PLS  storage  ring  and  linac. 


ORTa  ORIEL  ORTEC 


(Storage  Ring)  (Linac) 

Figure  1  :  Block  Diagram  of  Present  Timing  System 


The  FDM  has  two  function  of  dividing  the  rf  frequency 
by  harmonic  number  and  delaying  with  2  nanosecond 
each  by  the  a  programmable  delay  through  the  computer 
program.  The  outputs  of  the  FDM  are  a  storage  ring  clock 
and  a  delayed  ring  clock  of  1.068  MHz  revolution 
frequency.  The  RRG  gives  the  electron  gun  and  klystron 
modulators  the  repetition  rate  pulse  which  is 
synchronized  by  AC  power  line.  Synchronizing  the 
timing  signals  to  the  AC  mains  is  important  to  minimize 
the  effects  of  magnet  and  klystron  modulator  power 
supply  ripples  on  the  beam  [3]  The  repetition  rate  pulse  is 
10  Hz  for  the  gun  and  kicker,  and  30  Hz  for  the  klystron 
modulators  in  order  to  stable  operation.  The  TSM 
generates  timing  signals  for  a  gun,  modulators  and  a 
kicker,  which  are  synchronized  on  the  500.082  MHz 
storage  ring  rf  and  1.068  MHz  revolution  frequency,  as 
well  as  60  Hz  AC  mains. 

The  DG535  of  the  Stanford  Research  Systems(SRS)  is 
a  very  precise  delay  and  pulse  generator  providing  four 
precision  delays  or  two  independent  pulses  with  5 
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picoseconds  resolution.  The  E/0  module  of  the  ORTEL  is 
to  transfer  the  timing  pulse  from  electrical  signal  to 
optical  signal  in  order  to  transmit  with  low  jitter  to  the 
linac. 

3  FUNCTIONS  &  REQUIREMENTS 

The  timing  system  was  designed,  developed  and 
fabricated  in  1994  for  the  PLS  with  reference  to  KEK 
timing  system[2].  The  timing  system  modules  was 
fabricated  with  VXI  standard  modules.  So  far,  there  were 
some  minor  changes  to  improved  the  function  of  the 
timing  system  such  as  the  FDM,  RRG,  TSM,  control 
programming,  and  optical  fibers  including  linac  timing 
distribution  system. 

Although  the  present  timing  system  has  been  operated 
without  any  serious  problems  since  commissioning  in 
1994,  there  were  some  minor  troubles,  such  as  a  single 
mode  operation,  unstable  klystron  modulators  operation 
with  30  Hz  timing  pulses,  and  fan-out  signals  for 
diagonasis  system.  Also  there  are  not  sufficient  spare 
parts  of  the  modules  to  maintenace,  and  it  is  difficault  to 
make  and  improve  the  modules  because  of  shortage  of 
manpower.  Therefore,  upgrade  of  the  timing  system  is 
progressing  with  a  synchronous  universal  counter(SUC) 
[3]  and  other  commercial  modules  of  NIM(Nuclear 
Instrumentation  Module)  type  for  increasing  of  a 
reliability,  easy  maintenance,  low  timing  jitters,  and  all 
types  of  beam  filling  pattern  to  users. 

There  are  five  important  requirements  for  the  upgrade 
of  the  present  timing  system. 

First  of  all,  the  first  is  to  stable  the  beam  operation  for 
increasing  of  a  reliability  with  upgrade  timing  system 
including  klystron  modulators  operation.  The  second  is 
to  synchronize  the  500.082  MHz  rf  phase  between  the 
storage  ring  and  timing  signals  to  control  precisely  the 
various  beam  filling  patterns  even  though  to  make  any 
arbitrary  filling  patterns.  The  third  is  to  decrease  the 
timing  jitter  as  small  as  possible  less  than  100  ps 
especially  between  the  electron  gun  trigger  with  respect 
to  the  storage  ring  rf  The  fourth  is  to  add  the  flexibility 
with  bunch  by  bunch  filling  for  the  advanced  operation, 
such  as  2.5  GeV  top-up  mode  operations.  The  fifth  is  to 
consider  the  easy  maintenance,  modification,  expansion 
with  many  fan  outs,  and  so  on. 

To  satisfy  the  requirements  with  the  higher  precision, 
the  upgrade  will  be  used  the  SUC  module  and 
commercial  modules  of  NIM  which  are  already  proven 
good  qualities. 

4  UPGRADED  TIMING  SYSTEM 

The  most  important  module  of  the  upgraded  timing 
system  is  an  SUC  which  was  designed,  developed,  and 
operated  very  well  at  the  SPring-8  in  Japan.  The  SUC 
works  from  450  to  550  MHz  rf  frequency  and  has  a  30  bit 
width.  Its  two  main  features  are  a  dividing  function  with 
an  arbitrary  positive  integer  and  a  digital  delay  function 
with  a  time  interval  from  2  ns  to  2  s.  The  circuit  block 


diagram  is  shown  in  figure  2.  The  SUC  counts  the  rf 
bucket  number  corresponding  *  to  the  harmonic  number 
(N=468)  of  the  storage  ring,  and  then  it  provides  a  pulse 
corresponding  to  the  revolution  frequency  of  storage  ring 
from  ‘1/N’  output.  And  the  output  ‘M’  corresponds  to 
the  particular  rf  bucket  within  a  revolution.  Beams  from 
the  linac  are  injected  into  the  addressed  rf  bucket  by 
setting  the  number  ‘M’  with  control  program  externally  as 
desired  beam  filling  pattem[4].  The  block  diagram  of  the 
SUC  is  shown  in  figure  3. 


The  block  diagram  of  the  upgraded  timing  system  is 
shown  in  figure  3. 


Figure  3  :  Block  Diagram  of  Upgraded  Timing  System 
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Injection  commands  with  filling  pattern  are  delivered 
from  the  central  control  room  via  a  VME  and  a  computer 
network.  At  first  address  of  the  rf  bucket  according  to  the 
filling  pattern  is  written  on  the  SUC.  The  SUC  makes 
‘1/N’  revolution  clock  and  delayed  ‘M’  revolution  clock. 

And  then,  the  revolution  clock  goes  to  the  discriminator 
for  shaping  the  pulse  and  adding  the  fan-outs. 

There  are  two  AND  gate  modules  which  have  two 
inputs  and  one  veto.  An  output  signal  of  the  AND(l)  gate 
is  produced  one  or  two  revolution  clock  about  1  ns  period 
during  10  Hz  with  about  1.5  us  width.  Simple 
coincidence  between  1.068  MHz  revolution  frequency 
and  the  60  Hz  AC  line  may  cause  an  ambiguous  output 
timing  depending  on  the  relative  timing  of  the  two  inputs. 
Therefore,  to  avoid  the  situation  of  determining  the 
timing  by  the  60  Hz  line  pulse,  the  second  coincidence 
output  must  be  used  by  ignoring  the  first  output.  The 
AND(l)  output  enters  to  AND(2)  and  a  gate  generator  of 
the  QUAD  F/F.  The  first  pulse  of  AND(l)  never  triggers 
the  output  pulse  of  AND(2),  and  the  second  pulse  triggers 
it  because  of  the  veto  function  with  two  62  ns  delay 
modules.  A  preset  scaler  counts  the  120  Hz  by  12  division 
and  produces  a  reset  trigger  of  the  QUAD  F/F(2)  after 
every  10  Hz  period.  And  then,  AND(l)  and  AND(2)  are 
reset  again  for  a  next  new  trigger  signal  of  10  Hz[5]. 

The  10  Hz  gun  trigger  timing  pulse  transmit  to  linac 
through  the  E/0  (Electrical  to  Optical  translator)  and  0/E 
(Optical  to  Electrical  translator)  modules  to  suppress 
noises  and  to  improve  the  jitter.  At  the  linac  timing 
system,  30  Hz  pulse  for  the  klystron  modulators  is 
generated  by  10  Hz  with  delay  modules. 

Some  modules  such  as  line  trigger  generator  and  auto 
trigger  selector  are  developed  at  a  domestic  company  with 
ECL  technology.  A  line  trigger  generator  has  a  function 
to  synchronize  with  60  Hz  AC  line,  and  to  divide  input 
trigger  on  two  stages. 

5  SUMMARY 

The  status  of  present  timing  system  and  its  upgrade  for 
the  PLS  storage  ring  has  been  described.  The  present 
timing  system  is  usually  operating  for  400  multi-bunch 
filling  pattern  without  any  serious  problems.  The 
upgraded  timing  system  was  tested  at  the  laboratory  with 
some  NIMs  including  the  SUC,  and  will  be  installed  this 
year.  Also  control  group  members  are  developing  the 
control  programming  by  new  EPICS  with  present  VME 
for  the  better  operation  of  the  upgraded  timing  system. 
After  successfully  commissioned,  bunch  by  bunch 
injection  operation  to  fill  same  storage  current  at  each 
buckets  will  be  considered  for  the  top-up  injection  in  the 
future. 
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SLOW-WAVE  ELECTRODE  STRUCTURES  FOR  THE 
ESS  2,5  MeV  FAST  CHOPPER 
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Abstract 

Slow-wave  electrode  designs  for  the  European 
Spallation  Source  (ESS)  2.5  MeV  fast  beam  chopper  are 
described.  Broad-band  transmission  line  properties  for  the 
initial  planar  and  helical  designs  have  been  refined  by 
modelling  electromagnetic  fields  in  the  Finite  Difference 
Time  Domain  (FDTD)  ‘Microwave  Studio’  code. 
A  compact,  radiation  hard,  vacuum  compatible  helical 
structure  made  from  linked  strip-line  and  micro-strip 
sections  has  been  developed.  Simulated  characteristics  in 
the  frequency  and  time  domain,  and  the  effects  of  E-field 
non-uniformity  are  presented. 

INTRODUCTION 

The  next  generation  of  high  power  proton  drivers  for 
pulsed  neutron  sources  (ESS)  [1]  and  neutrino  factories 
[2],  call  for  significant  technical  development  in  many 
areas  of  accelerator  design.  The  ESS  H“  linac  fast  beam 
choppers  in  the  2.5  MeV  medium  energy  transport 
(MEET)  lines,  must  produce  the  precisely  defined  gaps  in 
the  280  MHz  bunched  beam  that  enable  low  beam  loss 
operation  during  accumulator  ring  injection  and 
extraction.  Stringent  beam  loss  requirements  in  the 
downstream  linacs  and  rings  dictate  that  the  chopping 
fields  should  rise  and  fall  within  the  beam  bunch  interval 
of  2.9  ns,  to  eliminate  the  possibility  of  acceleration,  and 
subsequent  loss  of  partially  chopped  beam.  Slow-wave 
(E-field)  transmission  line  structures  have  demonstrated 
field  transition  times  in  the  nanosecond  regime  [3, 4],  and 
ESS  chopping  schemes  utilising  these  structures  have 
been  identified  [5]  and  refined  [6].  They  are  designed 
with  the  aid  of  3D  high  frequency  field  modelling  codes, 
where  the  complex  geometry,  extended  electrical  length, 
and  the  effects  of  inter-electrode  coupling  set  a  practical 
limit  on  the  computational  accuracy  of  the  broad-band 
properties.  Speed  and/or  accuracy  of  computation,  have 
been  enhanced  by  identifying  small  repetitive  structures 
and  modelling  their  properties  in  the  finite  element 
frequency  domain  (FEFD)  HFSS  code,  and  more  recently, 
in  the  finite  difference  time  domain  (FDTD)  ‘Microwave 
Studio’  code.  Time  domain  characteristics  for  the 
complete  structures  were  analysed  in  a  high  frequency 
SPICE  based  circuit  simulator  where  the  complete 
structures  were  modelled  by  linking  the  repetitive  two- 
port  modules  in  large  series  arrays. 

SLOW- WAVE  ELECTRODE  DESIGN 

The  basic  features  and  function  of  the  proposed  slow- 
wave  electrode  structures  are  shown  in  Figure  1,  where 
partial  chopping  of  beam  bunches  is  avoided  by  ensuring 


that  the  deflecting  E-field  propagates  at  the  beam  bunch 
velocity. 


Figure  1:  Slow- wave  electrode  design 


In  Figure  1 : 

L2  is  the  transverse  extent  of  the  beam. 

T(L1)  is  the  beam  transit  time  for  distance  LI. 

T(L2)  is  the  pulse  transit  time  in  vacuum  for  distance  L2. 
T(L3)  is  the  pulse  transit  time  in  dielectric  media  for 
distance  L3.  , 

L4  is  the  electrode  width. 


For  the  generalised  slow  wave  structure: 
Maximum  value  for  LI  =  VI  (T3  -  Tl)  /  2 
Minimum  Value  for  LI  =  L2  (VI/  V2) 
T(L1)  =  Ll/Vl  =  T(L2)  -H  T(L3) 


The  relationships  for  field  (E),  and  transverse  displace¬ 
ment  (x),  where  q  is  the  electronic  charge,  v  is  the  beam 
velocity,  mo  is  the  rest  mass,  z  is  the  effective  electrode 
length,  0  is  the  required  deflection  angle,  V  is  the 
deflecting  potential,  and  d  is  the  electrode  gap,  are: 


£  =  tan  ^ 


v'  „  V  q-E-z^ 

- ,  ,  X  =  — - - 

q-z  a  -v 


Inspection  shows  that  for  given  values  of  mo,  v,  and  V, 
large  0  and  x  are  obtained  when  z  is  large  and  d  is  small. 
The  inter-electrode  gap  shown  as  L1-L4  in  Figure  1,  must 
be  made  significant  if  pulse  distortion  due  to  inter¬ 
electrode  coupling  is  to  be  minimised. 

For  a  given  overall  structure  length,  the  effective  length 
(z)  will  therefore,  be  maximised,  by  maximising  the 
electrode  width  (L4). 
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ELECTRODE  STRUCTURES 

Planar  slow-wave  structure  A,  helical  structure  B,  and  the 
procedures  adopted  in  their  design,  have  been  previously 
described  [7].  Key  parameters,  common  to  those  designs 
and  to  the  new  helical  structure  C,  are  listed  in  Table  1. 


Table  1 :  Slow- wave  structure  parameters 


Beam  velocity 

V 

2.184e7 

m.s‘* 

Mechanical  length 

400.0 

mm 

Electrode  to  beam  axis  gap 

d 

6.0 

mm 

Beam  aperture 

1 1.0 

mm 

Deflection  angle 

e 

16 

mr 

Deflection  potential  (±) 

V 

1.6 

kV 

Characteristic  impedance 

Zo 

50  ±0.5 

Q 

Total  structure  delay 

18.04 

ns 

No.  of  sections 

21 

Section  delay 

T(L1) 

0.87 

ns 

Pulse  transition  time  f 1  -90, 90  -1%) 

2.9 

ns 

Structure  bandwidth 

0-500 

MHz 

Section  pitch 

LI 

19.0 

mm 

Strip-line  width 

lA 

14 

mm 

Strip-line  thickness 

0.45 

mm 

Helical  electrode  structure  C 

A  mechanical  schematic  of  structure  C  is  shown  in 
Figure  2,  The  compact  helical  structure  is  formed  by 
strip-line  sections  near  the  beam  axis,  linked  by  sections 
of  micro-strip.  Micro-strip  to  strip-line  transitions,  and 
ceramic  strip-line  supports,  are  capacitively  compensated 
by  structure  and  notch  dimensioning,  respectively. 


KEY:  ■  £rRIP.LINE  □  □  BODY  Q  CERAMIC  SCALE:  mm 
_ M  U  MICROSTRIP  (70  ini) SUBSTRATE  (?.54  mm  /  Er  ^  ^  6) 


Figure  2:  Electrode  structure  C 


Finite  element  models  for  two  modules,  identified  as 
MOD  A1/A2  and  B1/B2  in  Figure  2,  were  analysed. 
Simulated  S-parameters  for  the  modules  are  shown  in 
Figure  3. 


;  0.000 
•  *0.002 


frequency  (GHz) 

Figure  3:  Structure  C  /  Module  S-Parameters 


E 

CO 


-0.010 
^  -0.012 


Time  and  frequency  domain  characteristics  for  the 
complete  structure  were  computed  by  circuit  simulation 
of  series  connected,  two  port  modules,  and  lumped 
element  inter-electrode,  coupling  capacitors,  as  shown  in 
Figure  4. 


STRIP  1 

STRIP  N 


Figure  4:  Structure  C  /  Spice  model 


Simulated  reflection  and  transmission  characteristics  in 
the  frequency  domain  are  shown  in  Figure  5.  These 
indicate  that  the  resonant  frequencies  of  the  structure  are 
safely  above  the  upper  limit  of  the  required  bandwidth. 
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Figure  5:  Structure  C  /  Frequency  Domain 


Simulated  pulse  transmission  characteristics  in  the  time 
domain  are  shovm  in  Figure  6.  These  indicate  that 
structure  C  may  exhibit  a  higher  transmission  loss  and 
more  pulse  shape  distortion  than  structures  A  or  B. 
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Figure  6:  Structure  C  /  Time  Domain 

E-FIELD  UNIFORMITY 

Uniformity  of  the  beam-deflecting  component  of  the 
simulated  E  field  has  been  analysed.  The  variation  in 
magnitude  of  this  component  as  a  function  of  axial 
position,  as  shown  in  Figure  7,  exhibits  the  expected 
periodicity  of  the  structure.  This  analysis  predicts  an 
average  or  rms  field  of  ~  73  %  of  the  equivalent  infinite 
parallel  plate  field  level. 


axial  position  (mm) 

Figure  7:  Structure  C  /  Axial  field  distribution 

Variation  in  the  magnitude  of  the  beam-deflecting 
component  of  the  simulated  E  field,  as  a  function  of 
transverse  position,  as  shown  in  Figure  8,  indicates  that 
structures  A  and  C  exhibit  better  field  uniformity  in  this 
plane,  than  structure  B. 


transverse  position  (mm) 

Figure  8:  Structure  C  /  Transverse  field  distribution 


SUMMARY 

Three  slow  wave  structures  for  the  ESS  2.5  MeV  beam 
chopper  have  been  modelled  using  finite  element  and 
circuit  simulation  codes.  Planar  slow-wave  structure  A, 
helical  structure  B,  and  the  procedures  adopted  in  their 
design,  have  been  previously  described  [7].  An  important 
common  feature  of  those  structures,  and  of  the  new 
helical  structure  C,  is  the  radiation  hard,  vacuum 
compatible,  strip-line  configuration  near  the  beam  axis. 
Dispersion  in  the  frequency  domain,  and  the  resultant 
pulse  distortion  due  to  inter-electrode  coupling,  have  been 
minimised  in  these  designs,  by  the  introduction  of 
extended  inter-electrode  ground  planes. 

Simulated  frequency  and  time  domain  characteristics 
indicate  that  all  three  of  the  candidate  structures  may  meet 
the  required  ESS  specifications  for  chopper  pulse  fidelity. 

Helical  structure  C  was  developed  to  address  the  need 
for  a  compact  structure  (more  compact  than  helical 
structure  B),  but  with  the  superior  transverse  field 
uniformity  of  planar  structure  A.  These  two  goals  have 
been  achieved,  at  the  expense  of  a  small  increase  in 
transmission  loss  and  pulse  distortion.  Last  but  not  least, 
the  mechanical  construction  of  structure  C  may  well  turn 
out  to  be  the  least  demanding  of  the  three  candidate 
structures. 
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Abstract 

The  effect  of  the  electrical  power  and  grounding 
systems  on  the  beam  stability  is  studied  at  the  Taiwan 
Light  Source  (TLS).  Based  on  the  study,  some  major 
improvements  are  accomplished  at  TLS.  The  electric 
power  SCADA  (Supervisory  Control  And  Data 
Acquisition)  system  is  established  to  remotely  monitor 
and  control  the  electrical  power  conditions.  The  soil 
resistivity  data  at  TLS  is  collected  and  a  new  grounding 
system  of  low  impedance  (O.lSohm)  is  constructed. 
Grounding  signals  and  electric  potential  are  collected  at 
some  grounding  boxes.  Grounding  electric  potential  is 
observed  effected  by  injection  at  some  specific  local 
grounding  boxes.  Grounding  electric  potential  difference 
is  also  found  between  the  new  and  old  grounding  systems. 
These  two  grounding  systems  will  be  connected  as  one 
and  rearranged  to  cope  with  the  grounding  related 
problems. 

INTRODUCTION 

In  order  to  provide  higher  electrical  power  quality,  the 
TLS  has  implemented  some  electrical  power  system 
upgrading  projects  [1].  Following  the  online  monitoring 
and  archive  systems  of  the  de-ionized  water  and  air 
condition  system  established  [2],  the  remote  online 
monitoring  and  control  system  of  the  electrical  power 
system,  known  as  the  SCADA  system  has  been  set  up  and 
upgraded  for  the  past  three  years.  The  SCADA  system 
has  also  been  merged  into  the  utility  archive  system  to 
correlate  with  beam  quality  and  data  of  other  utility 
systems  and  enhance  its  analysis  function. 

Beside  the  electrical  power  system,  grounding  system 
is  another  crucial  but  apt  to  be  neglected  issue.  Providing 
the  safety  and  electrical  reference  level  function,  on  the 
other  hand,  grounding  system  also  could  be  a  major 
electrical  noise  path  and  even  induce  EMI  problem.  Thus, 
special  care  must  be  taken  when  the  grounding  system  is 
constructed,  employed  and  maintained.  TLS  has  made 
many  efforts  to  improve  the  grounding  for  these  years. 
One  of  the  major  projects  is  to  construct  a  new  low 
impedance  grounding  system.  In  the  design  phase,  the  soil 
resistivity  data  at  three  different  locations  in  TLS  were 
collected  according  to  “Four  Pole  Method”  [3].  The  soil 
resistivity  values  are  in  the  range  of  120-180  ohm-meter, 
depending  on  location  and  weather.  The  grounding 
resistance  of  the  new  grounding  system  was  measured 
according  to  the  “Fall  of  Potential  Method”  [4].  The 
grounding  resistance  is  0.18  ohm,  which  is  10%  lower 
than  the  designed  value.  However,  the  grounding 


potential  difference  between  the  new  and  old  grounding 
systems  is  observed.  The  combination  and  rearrangement 
of  these  two  grounding  systems  is  under  planning 
currently. 

ELECTRICAL  POWER  SCADA  SYSTEM 

The  electrical  power  system  at  TLS  consists  of  two 
independent  electrical  power  feeders  from  the  Taiwan 
Power  Company  (TPC)  of  11.4  KV  and  4500  KW 
contract  capacity  currently.  These  two  main  feeders  and 
its  circuit  breakers,  labeled  as  CB-UIA  and  CB-UIB,  are 
located  in  the  Utility  building  then  distributed  to  each 
individual  building,  as  shown  in  Fig.  1.  The  feeder  under 
the  circuit  breaker  CB-U3A,  for  the  storage  ring,  is  the 
most  loaded  and  important  one.  Most  of  the  relays  and 
multimeters  of  the  SCADA  system  thus  are  mounted 
under  the  feeder. 

Totally  nine  terminal  feeders,  ABB  REF541  high 
voltage  relays,  not  only  served  as  conventional  protect 
relays,  but  also  are  used  to  control,  measure  and  supervise 
the  high  voltage  network.  Four  of  such  relays  are 
respectively  mounted  on  the  CB-Ul  A,  CB-UIB,  CB-U3A 
and  CB-U4A  in  the  utility  building.  Other  five  relays  are 
moimted  in  the  storage  ring  building. 

Moreover,  there  are  thirty  electric  power  multimeters 
installed  at  different  local  sites  in  the  storage  ring  and 
utility  buildings  respectively.  The  SCADA  system  is  still 
kept  expanded  by  means  of  adding  the  monitoring  sites. 
For  example,  the  latest  electric  power  multimeter, 
mounted  in  January  2003,  is  used  to  monitor  the  feeder 
for  the  quadmpole  magnet  power  supply.  A  new  KVA 
Automatic  Voltage  Regulator  (AVR)  of  300KVA  was  just 
installed  to  improve  the  voltage  variation.  This  AVR  can 

suppress  the  voltage  variation  from  ±3%,  which  is  the 

nominal  variation  specified  by  the  TPC,  to  ±0.15%,  as 
shown  in  the  Fig.  2. 

LOW  IMPEDANCE  GROUNDING 
SYSTEM 

The  old  grounding  system  at  TLS  was  constructed  with 
the  storage  ring  building  construction  and  just  for  the 
general  safety  purpose.  A  new  low  grounding  system  of 
low  impedance  is  necessary  to  reduce  the  noise  of  signal- 
sensitive  instruments.  Thus,  TLS  had  started  and  design 
the  low  impedance  grounding  system  project  in  2000. 

The  original  design  of  the  grounding  resistance  was  set 
as  0.2  ohm.  In  order  to  accurately  reach  this  goal,  the  soil 
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resistivity  collection  was  necessary.  The  new  grounding 
system  drawing  is  shown  in  Fig.  3.  The  soil  resistvity  of 
three  locations  were  measured.  According  to  the  “Four 
Pole  Method”,  as  shown  in  Fig.  4,  the  distance,  L, 
between  the  adjacent  two  electrodes  must  be  changed  to 
obtain  the  soil  resistivity  in  various  depth.  The  same 
measuring  procedure  must  be  taken  twice  in  two 
orthogonal  directions  in  one  area.  The  soil  resistivity  are 

measured  in  the  range  of  120- 1800  -meter.  The  value  will 
be  different  as  the  weather  changed.  Basically,  the  soil 
resistivity  will  get  decrease  as  L  increases.  Once  the  soil 
resistivity  is  collected,  the  grounding  resistance  can  be 
evaluated. 

In  the  Fig.  3,  the  new  grounding  system  is  composed 
of  nine  copper  tubes,  serving  as  the  electrodes,  and  a  bare 
copper  wire  of  650  meters  long  connecting  with  the  nine 
electrodes.  Each  copper  tube,  2  inch  in  diameter  and  30 
meter  long,  is  buried  in  a  well  of  4  inch  in  diameter  and 
30  meter  in  depth,  while  the  bare  copper  wire  is  buried  in 
the  middle  of  a  45cm  x  30cm  ditch.  All  electrodes  and  the 
bare  copper  wire  are  covered  by  Bentonite. 

The  new  grounding  system  is  classified  as  “clean”  and 
“dirty”  subsystem  for  technical  and  conventional  facility 
use.  There  are  four  locations  on  the  bare  copper  wire 
where  connected  into  the  storage  ring  through  eight 
copper  wires.  These  eight  copper  wires,  where  four  are 
classified  as  clean  and  others  as  dirty,  are  connected 
through  two  circle  buses  respectively  in  the  storage  ring. 

GROUNDING  RESISTANCE 
MEASUREMENT 

The  grounding  resistance  is  measured  by  means  of 
“Fall  of  Potential  Method”  according  to  IEEE  std81-1983, 
as  shown  in  Fig.  5.  In  the  Fig.  5,  C,  E  and  P  represent  the 
current  electrode,  the  electrode  of  grounding  system  and 
the  auxiliary  electrode,  respectively.  Referring  to  Fig.  6, 
which  shows  voltage  vector  relation  among  V23F 
and  V23S,  the  grounding  resistance,  R,  can  be  obtained  by 
the  following  formula 

R  =  . (1) 

where  V23  is  the  potential  difference  between 
electrodes  C  and  E.  Subscript  F  and  R  represent  the  cases 
of  the  current  injection  through  electrodes  C  and  E 
respectively.  Subscript  S  is  the  case  of  the  background 
stray  current  existed  in  the  ground.  I  is  the  injection 
current.  In  the  real  case,  the  same  measuring  procedure 
was  taken  three  times  as  current  1=0,  10  and  20  A. 
According  to  Eq.  (1),  the  grounding  resistance  R  are 
obtained  as  0. 1 8  ohm. 

GROUNDING  SIGNALS  AND  ELECTRIC 
POTENTIAL  DATA 

There  are  two  equipments  to  grounding  signals.  One  is 
a  Tektronix  TDS3054  oscilloscope  equipped  with  a 


P60139  voltage  probe  with  500MHz  bandwidth  for  the 
transient  measurement,  while  the  other  is  a  FLUKE  43B 
electrical  power  quality  analyzer  with  20MHz  bandwidth 
for  long  tern  recording. 

Fig.  7  shows  the  grounding  signals  of  the  high 
frequency  power  supplies  when  the  beam  is  shutdown. 
The  maximum  frequency  is  up  to  75MHz  and  the  duration 

between  two  adjacent  pulses  is  about  5m  s.  The  signal 
also  appears  as  the  beam  is  in  operation.  The  source  of  the 
signal  or  noise  is  still  left  to  be  examined. 

Fig.  8  is  transient  potential  difference  between  the  new 
and  old  grounding  systems  when  the  beam  is  in  injection. 
It  shows  that  beam  injection  could  induce  the  transient 
potential  difference  between  the  two  grounding  systems 
up  to  6-8  V.  Long-term  recording  by  the  FLUKE  43B  also 
shows  the  similar  phenomenon. 

CONCLUSION 

The  electrical  power  SCADA  system  has  been 
established  and  upgraded.  The  SCADA  system  consists  of 
nine  ABB  REF541  relays  and  thirty  multimeters  mounted 
on  different  local  sites  and  is  merged  into  the  utility 
archive  system. 

The  new  low  impedance  grounding  system  is 
constructed  and  the  grounding  resistance  is  measured  as 
0.18  ohm,  which  is  1 0%  lower  than  the  designed  value. 

The  grounding  signals  and  the  potential  difference 
between  the  new  and  old  grounding  systems  are  collected. 
Both  transient  data  and  long  tern  records  show  6-8V 
potential  difference  due  to  injection. 
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Fig.l:  Electrical  Power  System  at  TLS. 
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Fig.  5:  Fall  of  potential  method. 


Fig.  6:  Voltage  vector  relation  among  V23F  ,V23r  and  V23S. 
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Fig.  7:  Grounding  signals  of  the  high  frequency  power 
supply. 
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Abstract 

In  order  to  promote  the  stability  and  quality  of  the  de¬ 
ionized  cooling  water  (DIW)  system,  a  series  of  studies 
and  improvements  on  the  DIW  system  are  accomplished 
at  the  Taiwan  Light  Source  (TLS).  The  total  DIW  system 
capacity  is  increased  400  GPM,  where  a  special 
subsystem  of  150  GPM  is  for  a  new  superconducting-rf 
(SRF)  system  only.  The  DIW  temperature  is  globally 
controlled  within  ^0.1  °C.  A  high  precision  temperature 
control  system  of  ±  b.Ol  for  local  DIW  supply  is  also 
established  to  meet  the  critical  stability  requirements.  The 
water  quality  has  also  been  improved  by  upgrading  local 
filters,  reverse  osmosis,  conductivity  meters,  pH 
monitors,  flow  meters  and  various  resins.  The 
conductivity  of  the  water  has  been  maintained  above  10 
M  ohm/cm  and  the  pH  at  7±  0.3.  Additionally,  the 
dissolution  of  oxygen,  which  is  another  essential  water 
quality  factor,  has  also  been  much  reduced  from  SOOOppb 
to  6ppb  by  new  deoxygenating  equipment. 

INTRODUCTION 

Taiwan  Light  Source  (TLS)  had  started  a  series  of 
experiments  to  established  the.  mathematical  model  [1] 
and  find  out  the  relationships  among  the  beam  orbit 
position  and  the  utility  status  [2].  The  supplied  air 
temperature  and  cooling  water  temperature  are  the  main 
factors.  Once  the  cooling  water  and  the  air  exceed  1°C 
and  0.2°C,  respectively,  the  results  show  the  strong 
correlation  between  the  beam  orbit  stability  and  the  utility 
status.  Based  on  the  study,  TLS  has  made  more  efforts  to 
improve  the  utility  system  [3]  and  conduct  more  precision 
thermal  and  mechanical  stability  studies  meet  the  latest 
strict  requirement  of  beam  intensity  variation  within  0.1% 
[4].  The  original  specification  for  the  temperature 
fluctuation  <±1°C  is  far  from  the  requirement. 

A  SRF  cavity  will  be  installed  into  TLS  storage  ring 
in  2004.  TLS  has  devoted  many  efforts  in  studying  the 
corresponding  issues  for  the  SRF  system  [5].  In  order  to 
serve  for  the  oncoming  SRF  system,  the  DIW  system  has 
been  added  a  new  subsystem  at  TLS.  The  2"^  Utility 
Building  was  constructed  and  the  total  DIW  system 
capacity  was  increased  400  GPM  last  year.  The  piping 
system  is  also  rearranged  to  meet  requirements  for  each 
subsystem. 

Moreover,  a  high  precision  water  temperature  control 
experiment  is  conducted  to  meet  the  critical  stability 
requirement.  The  experimental  apparatus  has  been  set  up. 
The  test  results  will  be  valuable  to  establish  any  real  local 


high  temperature  precision  control  DIW  subsystem. 

DIW  quality  is  another  crucial  but  apt  to  be  neglected 
issue.  Although  not  like  the  DIW  temperature  and 
pressure  directly  affecting  the  subsystem  operation,  the 
factors  of  DIW  quality,  such  as  conductivity,  pH  value 
and  dissolution  of  oxygen  deeply  influence  the  DIW 
system  itself,  especially  for  the  piping  system.  For  long¬ 
term  smooth  operation,  the  DIW  quality  is  also  studied 
and  improved. 

DIW  SYSTEM 

The  DIW  system,  composed  of  three  subsystems,  i.e., 
the  copper  (Cu)  subsystem,  the  aluminum  (AL) 
subsystem  and  the  beam  line  subsystem,  has  been 
operated  for  years  at  TLS.  The  Cu  DIW  subsystem 
supplies  to  magnets,  power  supplies,  RF  transmitters  and 
cavities.  The  A1  and  the  beam  line  DIW  subsystems  serve 
for  vacuum  chambers  and  beam  line  devices,  respectively. 
This  DIW  system  had  been  upgraded  by  means  of  two 
major  projects  in  2002. 

First,  the  second  utility  building  was  constructed. 
Two  sets  of  chillers  of  450  ton  were  new  installed  for  the 
DIW  and  air  conditioning  systems.  The  DIW  capacity  is 
increased  400  GMP  consequently.  The  forth  DIW 
subsystem,  SRF  subsystem,  of  150  GPM  was  new 
established  for  the  oncoming  SRF  cavity.  The  capacity  of 
the  beam  line  DIW  subsystem  was  increased  from 
150GPM  to  300  GPM. 

Second,  redundant  frequency  inverter  systems  for 
each  DIW  subsystem  were  established.  Originally,  there  is 
only  one  frequency  inverter  system  for  each  DIW 
subsystem.  It  exists  the  risk  of  beam  trip  through  the 
interlock  system  once  the  frequency  inverter  system  trips. 
The  redundant  frequency  inverter  system  thus  is 
necessary  in  case  of  trip  of  the  running  inverter  system. 
Two  sets  of  the  redundant  frequency  inverter  systems  for 
each  Cu  and  beam  line  DIW  subsystems  are  ready 
currently.  Other  two  sets  of  the  redundant  frequency 
inverter  system  for  the  A1  and  SRF  DIW  subsystems  will 
be  installed  in  Aug.  2003. 

There  are  two  phases  of  heat  exchange  in  each  DIW 
subsystem.  The  DIW  temperature  variation  is  controlled 
within  +/-0. 1  for  the  Cu  and  A1  subsystems  and  +/-0. 1 5 
°C  for  other  two  subsystems  by  means  of  adjusting  the 
flow  rate  of  the  chilled  water  and  cooling  water.  The  DIW 
pressure  is  control  within  +/-0.1kg/cm2  by  regulating  the 
pumping  frequency.  The  specifications  of  each  DIW 
subsystems  are  list  in  the  Tab.  1.  The  first  and  second 
phased  Cu  and  A1  DIW  temperature  is  shown  in  the  Fig.  1 
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Fig.  1:  First  and  second  phased  Cu  and  A1  DIW 
temperature 


Table  1 :  Specifications  of  each  DIW  subsystem 


Temperature 

Pressure 

Flow  rate 

Cu 

25+/.0.1 

X5+/-0.1kg/cm^ 

500GPM 

A1 

25+/-0.  rc 

7.0+/-0.1kg/cm^ 

lOOGPM 

SRF 

25+/-0.2°C 

7.0+/-0.1kg/cm^ 

160GPM 

BL 

25+/-0.2®C 

7.0+/-0.1kg/cm^ 

300GPM 

HIGH  PRECISION  TEMPERATURE 
CONTROL  EXPERIMENT 

Beside  the  primaiy  DIW  system  upgrading  projects 
abovementioned,  the  high  precision  temperature  control  is 
a  smaller  project  for  local  temperature-sensitive 
equipments.  The  high  precision  temperature  control 
experiment  has  been  set  up  in  a  laboratory. 

Fig.  2  shows  of  the  high  precision  temperature  control 
experiment.  In  the  experiment,  water  flows  through  a 
O.Sinch  stainless  pipe.  A  set  of  embedded  heaters  with 
total  lOKW  capacity  is  installed  on  the  upstream  of  the 
pipe  to  control  the  inlet  water  temperature.  A  NI 
FieldPoint  modular  distributed  I/O  system  with  16-bit 
resolution  in  the  range  from  4  to  20  Ma  serves  as  the  real 
time  controller.  A  SCR  is  employed  to  drive  the  heater.  A 
heating  tape  of  220W  is  coiled  on  the  middle  section  of 
the  pipe  to  simulate  the  heat  load. 

Two  adjustable  valves  are  respectively  installed  on  the 
upstream  and  downstream  of  the  embedded  heater  set  to 
control  the  flow  rate.  A  flow  rate  meter  with  +/-  0.5% 
accuracy  is  installed  on  the  downstream. 

Three  pressure  probes  with  transducers  with  +/- 
O.lkg/cm^  are  installed  inlet  and  the  upstream  and 
downstream  of  the  heating  tape  respectively.  The  most 
crucial  sensor  in  this  experiment  is  the  thermometer. 
Three  Thermometries  TS8504  thermometers  are  installed 
on  the  upstream  and  downstream  of  the  embedded  heating 
set  and  the  outlet  of  the  pipe,  respectively.  The 
thermometer  is  accurately  calibrated  and  its  accuracy  is 


+/-0.001  ®C.  The  test  results  show  that  the  water 
temperature  control  within  +/-  0.01  "*0  is  achievable.  The 
experiment  is  helpful  to  set  up  a  real  local  high  precision 
DIW  temperature  control  system. 


Pressure- 


Figure  2:  High  precision  temperature  control  experiment 

DIW  QUALITY  IMPROVEMENT 

Water  quality  is  anther  significant  issue  for  the  DIW 
system.  There  are  usually  some  general  impurities  in  the 
DIW  system  after  long-term  operation,  such  as 
suspension,  electrolyte,  corpuscles,  mirco-pranisms, 
organic  substance  and  gas.  There  is  5%  water  entering  the 
recycling  loop  in  the  DIW  system  at  TLS.  It  will  flow 
through  Sum  filter,  resin  mixing  bed,  lum  filter,  and 
ultraviolet  sterilizer  respectively,  as  shown  in  Fig.  3.  Once 
city  water  is  supplied  for  the  DIW  system,  it  will  flow 
through  the  reverse  osmosis  (RO)  system  then  into  the 
DIW  system.  The  RO  system  includes  a  lOum  filter,  a  set 
of  RO  diaphragm,  a  pressure  pump,  a  medicine  tank,  a 
mixing  pump,  a  8-ton  reservoir  and  a  control  system. 

The  water  quality  has  been  improved  by  means  of 
upgrading  local  filters,  reverse  osmosis,  conductivity 
meters,  PH  monitors,  accumulated  flow  meters  and 
various  resins.  The  resistance  is  kept  above  5  Mohm,as 

shown  in  Fig.4.  The  pH  value  is  controlled  at  7±0.3,  as 
shown  in  Fig5.  In  addition,  the  dissolve  oxygen  effect, 
another  important  issue  of  water  quality,  has  also  much 
reduced  from  5000ppb  to  6ppb  through  new  added 
deoxygenating  equipments. 

CONCLUSION 

Some  major  DIW  system  upgrade  projects  were 
implemented  in  2002.  The  DIW  capacity  was  increased 
400  GPM.  The  SRF  DIW  subsystem  of  150  GPM  was  set 
up  for  the  oncoming  SRF  cavity.  The  capacity  of  the 
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beam  line  DIW  system  was  also  increased  from  1 50GPM 
to  400GPM.  Redundant  frequency  inverter  systems  for 
each  DIW  subsystem  were  established. 

The  high  precision  temperature  control  experiment 
was  conducted.  The  critical  goal  of  controlling  the  water 
temperature  variation  within  +/-  0.01  is  achievable. 
This  result  will  be  valuable  set  up  a  real  local  high 
precision  DIW  temperature  control  system. 

The  DIW  quality  was  improved  by  means  of  upgrading 
some  crucial  components  of  the  DIW  system.  The 
resistance  is  kept  above  5  Mohm,  while  the  pH  value  is 
controlled  at  7+/-0.3  currently.  The  dissolve  oxygen  was 
reduced  from  SOOOppb  to  6ppb. 
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AIR  TEMPERATURE  CONTROL  IMPROVEMENT  FOR  THE  STORAGE 

RING  TUNNEL 

J.C.  Chang,  C.Y.  Liu,  and  J.  R.  Chen 
National  Synchrotron  Radiation  Research  Center 
Science-Based  Industrial  Park,  Hsinchu  30077,  Taiwan 


Abstract 

Based  on  the  thermal  effects  on  the  beam  stability 
formerly  studied,  a  series  of  measures  are  taken  to 
improve  the  air  temperature  control  for  the  storage  ring 
tunnel  at  the  Taiwan  Light  Source  (TLS).  The  cooling 
capacity  is  increased  about  two  times  by  rearranging  the 
Air  Handling  Units  (AHU)  and  the  piping  system.  The 
PID  parameters  are  optimised  to  more  effectively 
suppress  the  air  temperature  fluctuation.  The  global  air 
temperature  variation  in  the  storage  ring  tunnel  is 

currently  controlled  within  ±0.rc  related  to  time.  After 

successful  experience  of  air  temperature  control  for  the 
elliptical  polarization  undulator  (EPU),  the  mini 
environment  control  is  also  applied  on  another  insertion 
device,  undulator  5  (U5).  The  ambient  temperature 

variation  of  this  magnet  is  controlled  within  ±0.1  °C 

related  to  time.  The  thermal  uniformity  is  much  improved 
than  ever. 

INTRODUCTION 

In  order  to  enhance  the  beam  operation  stability, 
Taiwan  Light  Source  (TLS)  had  started  a  series  of 
experiments  to  established  the  mathematical  model  [1] 
and  find  out  the  relationships  among  the  beam  orbit 
position  and  the  utility  status,  which  includes  the  cooling 
air  temperature  and  cooling  water  temperature  [2].  The 
results  show  the  strong  correlation  between  the  beam 
orbit  stability  and  the  utility  status  as  the  temperature 
variation  of  die  cooling  water  and  the  air  exceed  1  °C  and 
0.2  °C,  respectively.  More  precision  thermal  and 
mechanical  stability  studies  were  conducted  to  meet  the 
latest  strict  requirement  of  beam  intensity  variation  within 
0.1%  [3].  The  original  specification  for  temperature 
fluctuations,  <±1®C,  is  far  from  the  requirement.  Many 
efforts  thus  have  been  devoted  in  the  air  temperature 
variation  improvement  in  the  storage  ring. 

Most  of  the  main  devices  for  the  beam  operation  are 
installed  in  the  storage  ring  tunnel.  The  air  temperature 
control  in  this  area  thus  is  the  most  important  air 
conditioning  project.  Parts  of  the  AHU  and  piping  system 
are  modified  to  suppress  the  air  temperature  variation. 

Besides,  following  the  successful  experience  of  mini 
environment  control  for  the  EPU  [4],  the  similar  scheme 
is  also  applied  on  U5.  This  insertion  device,  purchased 
from  Danfysik  Company,  has  the  same  length  of  3.9 
meter  as  EPU  and  with  5  cm  magnetic  period  length.  The 
details  of  the  mini  environment  control  will  be  described 
in  the  later  section. 


AHU  AND  PIPING  SYSTEM 
REARRANGEMENT 

There  had  been  totally  four  AHUs  serving  for  the  most 
area  of  storage  ring  building,  i.e.,  the  tunnel  and  the 
experimental  hall,  since  the  storage  ring  was  constructed 
in  TLS.  The  detailed  specifications  of  the  AHU  are  list  in 
Tab.  1.  The  supplied  air  from  these  four  AHUs  was  first 
mixed  through  the  piping  system  then  ventilated  to  the 
tunnel  and  the  experimental  hall.  However,  due  to  the  fast 
growth  of  the  heat  load  from  the  later  installed  beam  lines 
and  instrumentations,  the  cooling  capacity  becomes 
insufficient  gradually.  Lack  of  cooling  capacity  affects  the 
storage  ring  tunnel  more  than  the  experimental  hall 
because  the  former  requires  more  accurate  air 
conditioning  control  but  shares  less  cooling  capacity  than 
the  latter.  Therefore,  increase  of  the  cooling  capacity 
becomes  an  imperative  for  the  stable  air  temperature 
control  in  the  storage  ring  tunnel. 

Another  shortcoming  of  the  air  conditioning  system  for 
the  storage  is  a  long  section  of  supplied  air  duct  exploded 
under  the  sunshine.  The  air  temperature  could  rise  up  to  2 
as  the  air  flowed  through  this  section  due  to  solar 
radiation.  Thus,  the  air  conditioning  system  for  the 
storage  ring  was  modified  at  two  places  to  cope  with  the 
shortcomings  abovementioned  in  2002.  First,  the  air 
conditioning  system  of  the  storage  ring  tunnel  was 
separated  from  that  of  the  experimental  hall  by 
rearranging  the  piping  system.  Second,  the  section  of  the 
air  duct  exploded  tmder  the  sunshine  was  cut.  Currently, 
two  AHUs  are  independently  employed  for  the  storage 
ring  tunnel  and  the  cooling  capacity  for  this  area  is  much 
increased. 

Moreover,  The  air  conditioning  system  PID  control 
program  has  also  been  updated.  The  program  system 
provides  a  new  function,  dead  band  control  logarithm,  for 
reducing  the  temperature  control  over  or  under  shooting. 
The  optimum  PID  parameters  are  related  to  the  characters 
of  the  air  condition  equipments  and  the  local  temperature 
variation.  However,  sufficient  air  conditioning  capacity 
will  make  optimum  PID  parameters  tuning  easier. 

AIR  TEMPERATURE  VARIATIONS 
IMPROVEMENT 

The  air  temperature  of  the  storage  ring  tunnel  is 
controlled  through  four  variable  air  valves  (VAVs), 
labelled  as  R4A-R4D.  Each  VAV  dominates  eight  air 
inlets  and  two  air  outlets,  as  shown  in  Fig.  1 .  The  opening 
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of  the  valves  for  chilled  and  heating  water  are  auto 
adjusted  by  the  controller  according  to  the  temperature 
difference  between  the  setting  value  and  the  real  inlet  air 
temperature. 


Fig  1:  Air  conditioning  ventilation  inlet  and  outlet 
distribution  in  the  storage  ring  tunnel 

The  storage  ring  tunnel  is  divided  into  six  sections. 
There  are  six  thermocouples  mounted  in  each  section  to 
remotely  monitor  and  control  the  air  temperature  in  this 
area.  Fig.  2  (a)  and  (b)  respectively  demonstrate  the  air 
temperature  variation  in  the  six  tunnel  sections  before  and 
after  the  air  conditioning  system  modification.  It  is 
shown  from  the  one  day  history  that  the  temperature 
variation  is  about  ±0.2  °C  in  Fig.  2(a).  The  apparent  rise  in 
the  temperature  in  the  afternoon  also  reflects  the 
insufficient  cooling  capacity.  The  valves  of  the  chilled 
water  were  usually  100%  opened  in  the  summer.  This 
phenomenon  almost  disappears  after  modification,  as 
shown  in  the  Fig.  2(b). 

Special  care  is  taken  to  improve  the  air  temperature 
variation  related  to  time  rather  than  the  spatial 
temperature  difference  because  the  former  affects  the 
beam  stability  much  more  than  the  latter.  Although  the 
temperature  differences  among  each  section  still  exist,  the 
temperature  variation  during  one  day  is  much  improved. 

MINI  ENVIRONMENT  FOR  THE  U5 
AREA 

For  more  accurately  and  efficiently  control  the 
ambient  air  temperature  around  U5,  isolating  this  local 
area  and  providing  the  independent  air  conditioning 
system,  known  as  the  mini  environment  control,  is  the 
best  scheme.  Fig.  3  shows  the  isolated  U5  area 
photograph. 

U5  is  located  in  the  third  section  in  the  storage  ring 
tunnel.  There  are  two  air  inlets  supplying  sufficient  air  in 
the  isolated  U5  area.  There  is  no  air  outlet  in  the  isolated 
area.  Accordingly,  it  can  be  kept  positive  pressure  in  the 
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Fig.  2:  Air  temperature  variation  in  the  six  tunnel  sections 
(a)  before  and  (b)  after  the  air  conditioning  system 
modification. 


area.  It  is  also  helpful  to  keep  heat  transfer  from  outside 
into  this  area.  The  surrounding  temperature  variation  can 
be  controlled  within  +/-  0.1  ®C  except  the  beam  shut  down 
period. 

With  sufficient  air  conditioning  capacity  in  the  area, 
temperature  uniformity  of  the  U5  magnet  arrays  becomes 
another  important  issue.  Fig.  4  is  the  sketch  of  the  isolated 
area  of  U5.  Three  cross  flow  fans  are  employed  to 
circulate  the  air  around  the  magnet  arrays  to  achieve  the 
goal  of  the  temperature  uniformity.  Two  small  fan  units 
are  located  on  the  top  in  front  of  the  U5  device.  One  large 
fan  is  mounted  in  the  back  position.  The  air  flow  form  the 
air  inlet  can  be  draft  down  by  the  top  fans  and  enwrap  the 
U5  magnet  arrays,  as  shown  in  Fig.  4. 


Fig.  3:  Photograph  of  the  U5  isolated  area. 
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Fig.  4:  Sketch  of  the  U5  area. 
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Fig.:  5  Air  temperature  variation  on  the  U5  magnet  arrays 
(a)before  and  (b)after  the  mini  environment  control. 


variation  corresponds  to  the  23.4  urn  deformation  of  the 
top  magnet  arrays  and  16.7  um  deformation  of  the  bottom 
magnet  arrays  in  the  longitudinal  direction. 

The  U5  area  temperature  variation  is  kept  in  +/-  0.1  °C 
by  means  of  the  mini  environment  control  for  U5 
isolation  air  conditioning.  The  circulation  air  flow  can 
uniform  the  temperature  distribution  to  0.2  °C  level.  The 
precise  temperature  control  can  reduce  the  thermal  effect 
on  the  U5  deformation  and  further  improve  the  beam 
stability  in  TLS. 


CONCLUSION 

The  air  conditioning  system  for  the  storage  ring  is 
modified.  The  cooling  capacity  for  the  storage  ring  tunnel 
is  much  increase  by  means  of  the  rearrangement  of  the  air 
piping  system.  The  global  air  temperature  variation  in  the 

storage  ring  tunnel  is  currently  controlled  within  ±0.1  oC 
during  24-hour  operation. 

The  U5  area  temperature  variation  is  kept  in  +/-  0.1  oC 
by  means  of  the  mini  environment  control  for  U5 
isolation  air  conditioning.  The  circulation  air  flow  can 
uniform  the  temperature  distribution  to  0.2  oC  level.  The 
precise  temperature  control  can  reduce  the  thermal  effect 
on  the  U5  deformation  and  further  improve  the  beam 
stability  in  TLS. 
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There  are  eight  thermocouples  mounted  on  the  front 
side  of  U5  magnet  arrays,  as  shown  in  Fig.  4.  Other  eight 
thermocouples  are  mounted  on  the  backside.  Fig.  5  (a) 
and  (b)  respectively  show  the  temperature  variation  of  the 
U5  magnet  arrays  before  and  after  the  mini  environment 
control  is  employed.  By  the  forced  convection  cooling 
induced  by  the  circulation,  the  U5  magnet  arrays 
temperature  variation  of  the  top  magnet  arrays  can  be 
reduced  to  0.2  °C,  while  the  bottom  magnet  temperature 
variation  can  be  reduced  to  0.15  °C.  The  temperature 
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MACHINE  PROTECTION  FOR  HIGH  AVERAGE  CURRENT  LINACS 
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Thomas  Jefferson  National  Accelerator  Facility,  Newport  News,  VA  23606,  USA 


Abstract 

A  fully  integrated  Machine  Protection  System  (MPS)  is 
critical  to  efficient  commissioning  and  safe  operation  of 
all  high  current  accelerators.  The  Jefferson  Lab  PEL  [1,2] 
has  multiple  electron  beam  paths  and  many  different 
types  of  diagnostic  insertion  devices.  The  MPS  [3]  needs 
to  monitor  both  the  status  of  these  devices  and  the  magnet 
settings  which  define  the  beam  path.  The  matrix  of  these 
devices  and  beam  paths  are  programmed  into  gate  arrays, 
the  output  of  the  matrix  is  an  allowable  maximum  average 
power  limit.  This  power  limit  is  enforced  by  the  drive 
laser  for  the  photocathode  gun.  The  Beam  Loss  Monitors 
(BLMs),  RF  status,  and  laser  safety  system  status  are  also 
inputs  to  the  control  matrix.  There  are  8  Machine  Modes 
(electron  path)  and  8  Beam  Modes  (average  power  limits) 
that  define  the  safe  operating  limits  for  the  PEL. 
Combinations  outside  of  this  matrix  are  unsafe  and  the 
beam  is  inhibited.  The  power  limits  range  from  no  beam 
to  2  megawatts  of  electron  beam  power.  The  timing 
requirements  for  the  BLMs  and  RF  is  --1  microsecond  and 
for  the  insertion  devices  (viewers)  is  -  1  millisecond.  The 
entire  system  is  VME  based  and  EPICS  compatible.  This 
paper  describes  the  system  as  it  is  installed  on  the  JLab 
lOkW  PEL. 

SYSTEM  DESCRIPTION 

The  driver  accelerator  for  Jefferson  Lab’s  Free  Electron 
Laser  will  be  capable  of  producing  a  2  MWS  electron 
beam  (with  the  installation  of  the  third  cryomodule  this 
fall).  The  machine  can  drive  either  an  Infrared  Laser  (10 
kw  CW)  or  Ultraviolet  Laser  (1  kw  CW).  In  addition  to 
these  two  primary  beam  lines  there  are  two  diagnostic 
beam  dumps  and  an  insertable  dump.  There  are  also  a 
variety  of  insertion  devices  that  have  different  maximum 
average  current  limits.  The  MPS  system  was  designed  to 
minimize  operator  set-up  time  and  confusion  with  choices 
of  beam  paths  and  power  (and  the  possibility  of 
mistakes).  All  of  the  devices  that  are  required  to  properly 
accelerate  beam  and  anything  that  can  be  inserted  into  the 
beam  line  or  Laser  is  connected  to  the  MPS  system.  The 
inputs  to  the  system  are  organized  first  by  speed  (fast  or 
slow)  then  by  major  system,  and  finally  by  location.  The 
system  response  times  depend  on  these  inputs;  the  fast 
inputs  are  brought  into  the  system  on  fiber  optics,  these 
respond  in  1  microsecond  to  the  absence  of  a  5  MHz 
square  wave  on  the  fiber,  the  slow  inputs  (<  1 
millisecond)  depend  on  a  24  Volt  level  for  a  permit  (see 
adjacent  table).  Events  like  the  BLM  or  RF  system  trips 
require  immediate  termination  of  the  electron  beam  (<  10 
microsecond),  where  the  dump  water  system  tripping  (<  1 
millisecond)  is  a  bit  more  forgiving!  These  times  are  top 
level  requirements  and  are  not  imposed  by  the  MPS  but 


rather  the  inputs  in  many  cases  are  mechanical  switches 
or  relays. 

There  are  three  main  components  to  the  system;  1.  The 
Machine  /  Beam  Mode  Status  Cards  (MMSC  &  BMSC), 
2.  The  BLM  VME  cards,  and  3.  The  Drive  Laser  Pulse 
Controller  (DLPC). 

MACHINE  AND  BEAM  MODES 

We  have  defined  8  Beam  Modes  and  8  Machine 
Modes.  In  both  cases  the  Mode  “0”  is  an  invalid  setup. 
Each  of  the  MPS  inputs  fit  into  one  of  more  these  safe 
operating  modes.  The  MPS  uses  magnet  switch  settings 
and  currents  to  determine  the  Machine  Modes  (MM).  The 
MMs  are  used  internal  to  the  MPS  to  enable  the  Drive 
Laser  Pulse  Controller  (DLPC)  which  ultimately  controls 
the  average  current  of  the  electron  beam.  An  example  is 
when  the  beam  viewer  ITV3F04  is  inserted  the  MPS  sets 
the  DLPC  to  Beam  Mode  (BM)  2.  This  is  done  by  placing 
a  5  MHz  square  wave  on  fiber  number  1,  2,  and  3  of  the  8 
fiber  optic  cables  that  connect  the  two  systems  together. 
The  DLPC  allows  the  operator  to  select  combinations  of 
micropulse  frequency  and  macropulse  frequency  (or  CW) 
that  are  valid  for  the  highest  beam  mode  that  is  permitted. 
The  DLPC  assumes  full  bunch  charge  then  calculates 
allowable  combinations  of  micro  and  macro  pulse  width 
and  frequency  to  conform  to  the  allowable  limit.  An 
example  is  that  one  could  run  with  this  viewer  in  at  18 
MHz  micropulse  frequency,  10  microsecond  width,  and 
60  Hz  repetition  frequency,  or  at  4  MHz  micropulse 
frequency,  400  microsecond  macropulse  width,  and  at  2 
Hz  repetition  rate.  These  are  both  used  depending  on 
operation  at  hand. 

The  Machine  Mode  Status  Card  (MMSC)  takes  up  to 
64  inputs  from  an  optically  isolated  I/O  card  through  the 
VME  P2  back  plane  connector.  These  signals  represent 
interlocks  for  systems  such  as  the  injector  gun  high 
voltage  power  supply  status,  magnet  switch  status,  and 
magnet  current  status.  These  inputs  are  used  to  determine 
which  machine  modes  are  valid.  This  information  is  then 
passed  to  as  many  as  four  Beam  Mode  Status  Cards 
(BMSC)  that  are  physically  the  same  as  the  MMSC  but 
differ  in  functionality. 

Each  BMSC  receives  interlock  information  from 
systems  such  as  vacuum  valves,  beam  viewers,  injector 
gun,  beam  dumps,  and  any  other  interlocks  in  the  same 
fashion  as  the  MMSC.  They  also  accept  the  current  valid 
machine  mode  from  the  MMSC  through  a  front  panel 
connector.  Each  BMSC  then  determines  its  allowable 
beam  mode  and  passes  this  information  to  the  Machine 
Protection  Driver  Card  (MPDC). 

The  MPDC  takes  in  the  machine  mode  and  beam  mode 
data  from  the  MMSC  and  BMSC  modules  through  a  front 
panel  connector.  The  MPDC  also  monitors  a  fiber  optic 
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signal  from  the  Fast  Shutdown  Summation  Card  that 
sums  interlocks  from  systems  such  as  RF  Control 
Modules  and  Beam  Loss  Monitors.  The  MPDC  then 
determines  the  maximum  allowable  beam  mode  and 
transmits  this  information  to  the  Drive  Laser  Pulse 
Controller  (DLPC)  through  8  fiber  optic  lines. 

All  of  the  aforementioned  VME  cards  use  FPGA 
devices  to  interpret  interlock  inputs  and  determine  valid 
machine  and  beam  modes.  The  status  of  all  the 
interlocks,  allowable  machine  modes,  and  allowable  beam 
modes  are  available  to  EPICS  from  each  module  through 
the  VME  back  plane. 

Beam  Modes 

The  actual  micropulse  &  macropulse  setting  are 
determined  by  the  DLPC 

•  Beam  Mode  0,  No  Beam  Allowed 

•  Beam  Mode  1 ,  Ceramic  Viewer  Mode 

•  Beam  Mode  2,  IR  Beam  Viewer  Mode 

•  Beam  Mode  3,  UV  Beam  Viewer  Mode 

•  Beam  Mode  4,  High  Power  Viewer  Mode 

•  Beam  Mode  5,  IR  Laser  Alignment  Mode 

•  Beam  Mode  6,  UV  Laser  Alignment  Mode 

•  Beam  Mode  7,  Full  Power  Mode 

Note  that  modes  4,5,  &6  can  be  used  by  the  Laser 
Safety  System  to  limit  the  Laser  power 

Machine  Modes 

The  Beam  Dump  location  is  determined  by 
monitoring  the  dipole  power  supply  current  and  the 
magnet  switch  positions 

•  Machine  Mode  0,  No  Beam  Allowed;  Magnet 
and  Switch  Settings  Not  Valid 

•  Machine  Mode  1,  Injector  Dumplet 

•  Machine  Mode  2,  2G  Strait  Ahead  Dump 

•  Machine  Mode  3,  IR  Recirculation  Mode 

•  Machine  Mode  4,  UV  Recirculation  Mode 

•  Machine  Mode  5,  6, 7,  To  Be  Determined 

BEAM  LOSS  MONITORING  SYSTEM 

It  is  easily  understood  that  we  don't  want  to  trip-off  the 
accelerator  when  using  diagnostics  since  the  beam  loss 
produced  by  the  short  macropulse  is  not  dangerous  to  the 
machine.  This  is  why,  in  the  past,  we  would  have  to  mask 
the  BLMs  in  before  going  into  pulsed  mode.  (An  action 
that  must  be  performed  by  the  operator  or  software  and 
then  the  BLM  system  MUST  be  unmasked  before  going 
back  to  high  power).  This  new  VME  based  BLM  system 
has  the  ability  to  "ignore"  the  loss  detected  during  a 
macropulse  of  restricted  size  and  duty  factor.  This  results 
in  a  significant  improvement  to  the  systems  performance. 
The  new  BLM  cards  (F0151)  are  configured  by  EPICS  as 


to  what  macropulse  widths  to  expect  (firmware  limited  to 
less  than  400us)  and  will  also  receive  an  appropriately 
delayed  beam-sync  signal  from  which  to  synchronize  the 
window  for  which  the  electronics  will  "ignore"  the 
detected  beam  loss  that  would  otherwise  trip  the  BLM 
channel.  It  is  essential  to  state  that  after  the  time  window 
in  which  the  loss  is  ignored  (or  vetoed),  the  BLM 
interlocking  circuit  is  forced  to  remain  armed  for  a  period 
of  time  that  is  1250  times  longer  than  the  veto  pulse.  The 
factor  of  1250  comes  from  the  0.08%  duty  factor 
restriction  programmed  into  the  firmware,  (i.e.  400us  * 
1250  =  0.5s  or  2Hz)  This  "beam  veto"  signal  cannot  be 
tricked  by  a  failure  in  the  beam-sync  source  as  the  timing 
associated  with  it  is  calculated  internal  to  the  BLM  fault 
circuit.  The  result  is  a  system  that  allows  insertion  device 
operation  with  no  procedural  steps  to  ensure  that  it  is 
done  right.  The  BLM  Beam- Veto  ftinction  allows  the 
operator  to  use  insertion  devices  with  no  Interlock 
masking  or  changes  in  its  native  mode  of  operation. 
Finally,  a  consequence  of  a  BLM  system  having  only  a 
single  mode  of  operation  as  described  above  is  that  this 
mode  of  operation  must  be  appropriate  for  running  the 
machine  in  high  current  modes  as  well.  In  the  normal  set¬ 
up  for  full  power  CW  running,  the  system  will  continue  to 
receive  a  beam-sync  pulse  at  60Hz  (or  any  rep-rate 
actually).  In  this  case  there  would  exist  a  short  BLM  veto 
pulse  lasting  approx  13us  (16.6ms/1250).  This  is 
consistent  with  a  tolerated  about  of  beam  loss  with  a 
structure  at  60Hz  of  0.08%.  The  end  result  for  CW 
running  is  that  the  BLM  channel  is  armed  to  fault  99.92% 
of  the  time  and  that  the  0.08%  loss  that  is  not  seen  is  the 
loss  that  has  been  calculated  as  acceptable  under  the  same 
line  of  logic  used  for  Pulsed  Mode. 

All  of  the  12  channel  BML  boards  are  connected 
together  with  a  common  with  a  common  clock  that  is 
initiated  by  a  trip  of  any  of  the  BLM  channels.  This  clock 
initiated  a  shift  register  which  latches  the  first  three 
channel  that  trip  thus  recording  the  trip  history. 

DRIVE  LASER  PULSE  CONTROLLER 

The  DLPC  is  responsible  for  enforcing  the  allowed 
Beam  Mode.  A  block  diagram  of  the  system  is  show  in 
figure  1.  The  heart  of  the  system  is  a  scalar  board  from 
ConOptics  corporation.  This  has  been  fitted  to  a  VME 
mother  board  and  mounted  in  the  VME  crate.  The  laser  is 
a  commercial  mode  locked  Nd:YLF  that  operates  at  the 
20  sub-harmonic  of  the  1497MHz  RF  frequency. 
Elector-optical  (EO)  cells  are  used  to  divide  the  (-)  75 
MHz  down  by  factors  of  2  until  the  desired  micropulse 
frequency  is  reached.  This  mode  locker  must  be  locked  to 
the  accelerator  master  oscillator  for  running  beam  (this  is 
one  of  the  beam  mode  0  inputs). 

Since  the  EO  cells  are  not  failsafe  therefore  the  DLPC 
monitors  the  actual  beam  current  and  confirms  the 
average  power  enabled  by  a  given  beam  mode  is  not 
exceeded.  The  DLPC  uses  both  the  EO  cells  and  a 
mechanical  shutter  to  stop  beam  in  the  event  of  a  fault. 
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SCALABILITY 

The  design  which  is  based  on  a  single  FPGA  control 
board,  a  common  optically  isolated  input  board  and  a 
fiber  Input/Output  board  lends  itself  readily  to  support 
nearly  any  machine  configuration. 

The  system  described  is  configured  for  the  MM/BM 
VME  cards  to  reside  next  to  each  other  in  a  single  crate  so 
the  25  pin  “D”  connector  can  be  strapped  with  a  ribbon 
cable.  In  the  case  one  would  have  multiple  locations  in  a 
larger  facility  each  remote  location  would  be  connected  in 
a  serial  fashion  with  6  fiber  optical  cables  from  the  ‘last’ 
to  the  ‘next’  with  the  final  location  connecting  to  the 
Drive  Laser  Pulse  Controller.  The  system  would  able  to 
seamlessly  gather  the  information  about  the  current 
configuration  and  status  of  insertion  devices  and  pass  it 
along  to  the  final  gate  array  which  decides  which  Beam 
Mode  to  pass  on  to  the  DLPC.  As  always  the  status  would 
be  monitored  in  EPICS. 

CONCLUSIONS 

This  system  was  designed  with  operability  at  the  forefront 
of  the  design  considerations.  This  was  accomplished  by 
the  following  key  features;  1.  BLM  blanking  -  This 
allows  for  easy  transition  from  full  power  mode  to  pulsed 
diagnostic  mode,  2.  Machine  Modes  allow  for 
maintenance  or  commissioning  of  component  in  unused 
beam  lines  with  out  impacting  operations  and  eliminates 
the  need  for  masking  of  interlocks,  3.  Post  Mortem 
information  is  latched  to  identify  first  faulty  4.  DLPC 
monitors  actual  beam  current  to  confirm  and  enforce 
allowed  beam  mode,  5.  All  status  is  monitored  through 
EPICS  and  available  to  operations  staff. 

In  developing  this  system  we  had  gone  through  an 
iteration  with  the  previous  JLab  IR  Demo  machine. 

This  initial  system  consisted  of  VME  boards  borrowed 
from  the  Advanced  Photon  Source  at  Argonne  National 


Lab  and  a  combination  of  Programmable  Logic 
Controllers  (PLCs)  implemented  by  the  CEBAF  safety 
group  headed  by  Kelly  Mahoney.  This  system  worked 
well  to  protect  the  machine  but  had  limitations  in  getting 
the  status  of  fault  conditions  cleanly  back  through  EPICS 
and  latching  the  first  offender.  This  new  system  was 
designed  to  address  these  shortcomings  as  well  as  the 
challenges  faced  by  an  operational  laser  that  may  reach 
powers  in  excess  of  100  kilowatts  with  planned  follow  on 
upgrades. 
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Abstract 


TRIUMF  is  developing  a  new  mechanical  tuner  system 
capable  of  both  coarse  (kHz)  and  fine  (Hz)  frequency  ad¬ 
justments  for  maintaining  frequency  lock  on  the  supercon¬ 
ducting  quarter  wave  cavities  of  the  ISAC-II  heavy  ion 
linac.  A  1  mm  thick  Niobium  plate  at  the  high  field  end 
of  the  cavity  is  actuated  by  a  vertically  mounted  permanent 
magnet  linear  servo  motor,  at  the  top  of  the  cryostat,  using 
a  ‘zero  backlash’  lever  and  push  rod  configuration  through 
a  bellows  feed-through.  The  system  resolution  at  the  tuner 
plate  center  is  0.055//m  (0.3  Hz)  with  a  dynamic  range 
of  8  KHz  and  a  manual  coarse  tuning  range  of  33  kHz. 
In  cold  tests  with  a  prototype  quarter  wave  cavity  the  tun¬ 
ing  system’s  ability  to  compensate  perturbations  indicated 
a  bandwidth  up  to  100  Hz.  A  large  mechanical  resonance 
at  20  Hz  should  be  eliminated  in  the  on-line  device.  The  rf 
control  is  based  on  a  self-excited  loop  with  a  locking  cir¬ 
cuit  for  amplitude  and  phase  regulation.  The  tuner  is  fed 
a  position  signal  integrated  from  the  control  loop  phase  er¬ 
ror.  Details  of  the  mechanical  device  and  results  of  open 
and  closed  loop  cold  tests  will  be  given. 

1  INTRODUCTION 

TRIUMF  is  installing  a  superconducting  heavy  ion  linac 
as  part  of  the  ISAC-II  upgrade  [1]  to  increase  the  final  en¬ 
ergy  of  the  radioactive  beam  above  the  Coulomb  barrier. 
A  first  stage  of  the  project  includes  the  addition  of  twenty 
quarter  wave,  106.08  MHz,  bulk  niobium  cavities  arranged 
in  five  cryomodules.  A  prototype  cavity  is  available  for  rf 
testing  and  development.  Four  production  cavities  have  re¬ 
cently  been  delivered  to  TRIUMF  with  the  remaining  six¬ 
teen  cavities  due  for  delivery  in  August  2003. 

In  previous  linac  installations  the  tuning  of  quarter  wave 
cavities  has  been  accomplished  with  mechanical  or  pneu¬ 
matic  tuners  characterized  by  slow  response,  poor  resolu¬ 
tion  and/or  large  backlash.  Detuning  by  microphonic  noise 
or  rapid  fluctuations  in  helium  delivery  pressure  are  acco¬ 
modated  by  either  overcoupling  to  reduce  the  loaded  Q  or 
with  a  variable  reactive  load  using  a  PIN  diode  network 
at  the  cavity.  A  slow  tuner  response  affects  the  required 
Q-loading  and  may  limit  the  accelerating  gradient  due  to 
constraints  on  the  stored  energy. 

The  ISAC-II  design  gradient  is  6  MV/m  giving  a  stored 
energy  of  l7o  =  3.2  J.  The  natural  bandwidth  of  dbO.  1  Hz  is 
broadened  by  overcoupling.  The  required  forward  power  is 
given  by  Pf{W)  ~  nUoAfx  for  overcoupled  systems.  A 
rough  rule  is  to  use  a  loaded  iDandwidth  of  six  times  the  mi¬ 
crophonic  noise  plus  twice  the  resolution  of  the  mechanical 
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tuner  [3].  The  ISAC-II  medium  beta  cavities  are  outfitted 
with  a  passive  mechanical  damper[2].  Test  stand  measure¬ 
ments  show  microphonic  noise  detuning  of  the  cavity  fre¬ 
quency  at  ~  0.3Hz  RMS  due  to  the  main  mechanical  fre¬ 
quency  of  72  Hz.  Fluctuations  in  an  on-line  accelerator  can 
be  several  times  larger  but  are  not  expected  to  be  more  than 
a  few  Hz  RMS.  The  goal  for  the  ISAC-II  cavity  tuner  is  to 
achieve  fine  (1  Hz)  tuning  capability  with  a  response  time 
to  control  fast  helium  pressure  fluctuations  allowing  stable 
operation  within  a  bandwidth  of  A/i  =  20  Hz.  Sensitivity 
to  helium  pressure  fluctuations  is  1  Hz/Torr  with  expected 
pressure  variations  of  10  Torr  at  rates  up  to  i  Torr/sec.  In 
addition  the  tuning  range  must  be  adequate  to  compensate 
for  variability  in  manufacturing  and  cooldown.  A  ±20  kHz 
coarse  range  is  a  comfortable  margin.  The  tuner  described 
here  provides  both  fine  and  coarse  tuning  requirements  in  a 
single  device. 

2  MECHANICAL  SYSTEM 

2.7  Tuning  Plate 

The  tuning  plate  (see  Fig.  1)  consists  of  1  mm  thick  RRR 
Niobium  sheet  of  240  mm  diameter  fixed  to  the  bottom 
Niobium  flange  by  bolts  and  retaining  flange.  A  flat  plate 
can  be  used  but  the  deflection  force  required  is  parabolic 
with  distance  and  tends  to  assume  a  concave  shape  upon 
cooling  leading  to  highly  non-linear  behaviour.  To  over¬ 
come  these  problems  the  ISAC-II  tuning  plate  is  spun  with 
a  single  ‘oil-can’  convolution  and  milled  with  eight  radial 
1  mm  slots.  The  plate  is  capable  of  allowing  ±20kHz 
(±3  mm)  of  tuning  range  before  yielding.  Cold  tests  with 
the  plate  give  Q  and  gradient  values  consistent  with  the  flat 
plate  performance[l]. 


Figure  1:  The  tuner  plate,  lever  arm,  bottom  of  push-rod 
and  cavity  viewed  from  below. 
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2.2  Tuner 

The  tuner  diaphragm  is  actuated  by  a  simple  lever  arm 
and  push  rod  arrangement  as  shown  in  Fig.  2.  The  top  end 
of  the  push  rod  goes  from  vacuum  to  air  via  an  edge  welded 
bellows.  The  push  rod  is  coupled  to  a  linear  direct  drive 
ironless  coil  servomotor.  A  low  stiffness  coil  is  attached  to 
counteract  the  effects  of  air  pressure  on  the  bellows.  The 
spring  compression  is  manually  adjustable  in  order  to  set 
the  mechanically  self-seeking  equilibrium  position  before 
servo  startup.  The  lever  arm  is  specially  designed  to  have 
a  high  fundamental  frequency,  ^200  Hz,  so  that  it  remains 
decoupled  from  the  position  loop  bandwidth  of  ~200  Hz. 
The  push  rod  consists  of  a  25  mm  diameter  316  stainless 
steel  tubing  with  a  0.38  mm  thick  wail  giving  less  than 
0.1  W  of  heat  load.  The  rotary  joints  are  comprised  of  anti¬ 
backlash,  high  strength  and  stiffness  pivot  bearings.  They 
are  limited  in  rotation  to  about  ±8°,  however,  the  required 
motions  are  well  within  this  range. 
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Figure  2:  Tuner  drive  assembly  layout. 


3  CONTROLS 

3J  Tuner  Drive 

The  heart  of  the  supervisory  control  is  the  PCI  bus  digital 
servo  controller.  The  feedback  position  of  the  motor  is  sent 
to  the  controller  by  the  servo  amplifier  in  phase  quadrature 
form.  The  return  command  drive  error  signal  is  analog  in 
the  range  ±10  V  but  with  the  “impress”  of  the  previous  12 
bit  signal. 

The  position  of  the  motor  is  sensed  by  a  high  resolution 
sine  encoder  and  fed  through  special  subdividing  electron¬ 
ics  with  an  effective  control  resolution  inside  the  servo  am¬ 
plifier  of  0.01/Ltm.  The  actual  system  resolution  at  the  plate 
is  about  0.055/im  limited  only  by  the  analog  command  sig¬ 
nal  from  the  digital  servo  controller  to  the  amplifier  as  well 
as  the  phase  quadrature  position  signal  from  the  amplifier 
which  can  be  adjusted  to  suit.  The  bandwidth  of  the  cur¬ 
rent  control  loop  is  600  Hz  while  the  velocity  loop  can  be 


tuned  to  better  than  200  Hz.  The  design  target  for  the  posi¬ 
tion  loop  is  100  Hz  to  handle  possible  microphonic  control. 
Fast,  precise  tuner  response  is  made  possible  by  a  stiff  high 
bandwidth  velocity  loop  compensation  called  PDFF  that  is 
immune  to  overshoot  and  load  disturbances  like  friction. 

3.2  RF  Controls 

The  ISAC-II  rf  control  [4]  is  based  on  a  self-excited  loop 
with  a  locking  circuit  for  amplitude  and  phase  regulation. 
The  tuner  is  fed  a  position  signal  integrated  from  the  con¬ 
trol  loop  phase  error.  When  a  resonant  cavity  with  a  natural 
frequency  Uc  and  time  constant  r  is  excited  at  a  frequency 
cj,  the  phase  shift  between  the  input  and  output  is  given  by 
taxi<f>  =  r(a;  —  a;c).  This  phase  shift  is  measured  by  an 
edge-triggered  JK  flip-flop  phase  detector.  This  detector  is 
well  suited  since  it  lacks  memory  when  a  cycle  is  skipped 
and  exhibits  no  reversal  behaviour  in  its  output  at  all  phase 
ranges.  The  phase  shift  is  processed  by  a  DSP  to  drive  the 
mechanical  tuner  and  keep  the  cavity  in  tune  with  the  ex¬ 
ternal  master  frequency. 

The  system  response  equation  is  given  by 

S(t>  _  s^Gu 

6x  ±  ±  Tp)  ±  ±  Tp)  ±  %Ti)  ±  ^iTi 

Here  and  Tp^i  are  the  quadrature  loop  and  tuner  loop 
feedback  parameters  respectively  and  is  the  detuning 
of  the  cavity  resonance  due  to  deformation  of  the  cavity 
where  SlJc  =  GuSx.  The  expression  ignores  the  ampli¬ 
tude  loop.  An  analysis  of  the  equation[4]  shows  that  the 
tuner  response  must  be  slower  than  the  response  of  the 
phase  quadrature  loop  in  order  for  the  system  to  remain 
stable.  This  fundamental  limitation  could  be  avoided  if  the 
tuner  control  was  configured  to  respond  to  a  velocity  signal. 

If  the  mechanical  resonance  at  20  Hz  is  removed  (see  be¬ 
low)  it  may  be  possible  to  use  the  tuner  to  combat  detuning 
from  72  Hz  microphonics.  However  as  the  results  below 
confirm  the  present  configuration  is  certainly  sufficient  to 
provide  accurate  compensation  for  slow  (few  Hz/sec)  fre¬ 
quency  fluctuations. 

4  COLD  TEST  RESULTS 

The  mechanical  tuner  performance  has  been  character¬ 
ized  over  several  cold  tests  from  Oct.  2002  to  present. 
Since  the  tuner  plate  is  linked  to  the  cryostat  by  the  tuner 
shaft  we  had  concern  that  tuner  or  environment  noise  would 
feedback  to  the  cavity.  Low  frequency  (0-10  Hz)  dithering 
of  the  tuner  produced  no  significant  coupling  to  the  cavity 
microphonics.  The  transfer  function  from  the  mechanical 
tuner  modulation  signal  to  the  amplitude  and  phase  of  the 
cavity  self-excited  frequency  was  recorded.  The  amplitude 
is  given  in  Fig.  3.  Except  for  a  mechanical  resonance  at 
20  Hz  there  is  good  response  out  to  at  least  100  Hz.  Present 
thinking  is  that  the  mechanical  resonance  is  due  to  a  dogleg 
in  the  push-rod  that  is  necessary  in  the  test  cryostat  but  can 
be  eliminated  in  the  on-line  system. 
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Figure  3:  TUner  transfer  function. 


The  tuner  on-line  performance  is  measured  by  altering 
the  cavity  frequency  by  forced  variations  of  the  helium 
pressure  with  a  valve  on  the  vent  gas  line.  The  pressure 
is  measured  with  a  transducer  located  on  a  flange  on  the 
helium  space.  In  general  the  pressure  variations  are  more 
extreme  than  we  expect  for  the  on-line  system  but  they  al¬ 
low  us  to  optimize  the  PID  parameters  for  the  control  and 
tuner  loops.  Data  is  taken  for  a  variety  of  cavity  field  and 
coupling  strength  settings.  Results  for  both  a  low  field  and 
a  high  field  case  are  shown  in  Fig.  4  and  Fig.  5  respec¬ 
tively.  The  bandwidth  for  the  high  field  case  is  limited  by 
the  maximum  power  of  the  test  amplifier.  The  plots  give  the 
pressure  change  and  the  associated  position  drive  signal  for 
the  tuner.  The  voltage  and  phase  error  are  given  for  each 
case.  Note  that  the  phase  error  resolution  is  limited  to  1  ° 
by  the  12  bit  ADC.  The  plots  show  that  the  tuner  responds 
accurately  to  the  pressure  variation  with  a  resolution  bet¬ 
ter  than  0.1 /xm  (0.6  Hz).  The  regulation  in  amplitude  and 
phase  is  within  the  limits  of  ±  1  %  and  ±  T  for  the  low  field 
case.  In  the  high  field  case  due  to  the  limited  bandwidth  the 
phase  stability  goes  out  of  the  regulation  tolerance  during 
moments  of  rapid  pressure  change. 


Figure  4:  Tuner  response  to  forced  helium  pressure  fluctu¬ 
ation  =  IHz/Torr)  and  corresponding  voltage  (blue) 
and  phase  (red)  errors  for  low  field  (£'a=1.8  MV/m)  and  a 
bandwidth  of  ±25  Hz. 


Figure  5:  Tuner  response  to  forced  helium  pressure  fluctu¬ 
ation  (^  =  IHz/Torr)  and  corresponding  voltage  (blue) 
and  phase  (red)  errors  for  high  field  iEa=63  MV/m)  and  a 
bandwidth  of  ±12  Hz. 

The  dynamic  range  of  the  tuner  is  limited  by  the  mo¬ 
tor  strength  to  ±4  kHz.  A  threaded  position  platform  for 
the  spring  tensioner  is  used  to  provide  manual  coarse  fre¬ 
quency  adjustments.  A  tuning  range  of  33  KHz  has  been 
demonstrated  and  was  limited  only  by  mechanical  stops  on 
the  platform  that  will  be  altered  to  give  the  full  40  kHz  de¬ 
sign  range. 


5  CONCLUSION 

The  tuner  is  a  significant  advance  on  mechanical  tuners 
presently  used  on  quarter  wave  structures  due  to  its  high 
precision  (0.3  Hz),  and  response  bandwidth  (presently  lim¬ 
ited  to  20  Hz).  The  demonstrated  coarse  tuning  range  is 
32  kHz.  In  addition  the  convoluted  lower  tuning  plate  and 
robust  tuner  mechanical  design  allow  cold  plastic  deforma¬ 
tion  of  the  plate  reducing  the  tolerance  on  cavity  geome¬ 
try  necessary  during  cavity  fabrication.  Assuming  that  the 
mechanical  resonance  at  20  Hz  can  be  eliminated  future 
developments  could  see  the  rf  controls  configured  to  pro¬ 
vide  a  velocity  signal  removing  the  fundamental  limit  on 
the  tuner  speed  due  to  loop  stability. 
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Abstract 

As  part  of  a  multi-laboratory  collaboration,  Jefferson 
Lab  is  currently  engaged  in  the  fabrication,  assembly,  and 
testing  of  23  cryomodules  for  the  superconducting  linac 
portion  of  the  Spallation  Neutron  Source  (SNS)  being 
built  at  Oak  Ridge  National  Laboratory.  As  with  any 
large  accelerator  construction  project,  it  is  vitally 
important  that  these  components  be  built  in  a  cost 
effective  and  timely  manner,  and  that  they  meet  the 
stringent  performance  requirements  dictated  by  the 
project  specifications.  A  comprehensive  Quality 
Assurance  (QA)  program  designed  to  help  accomplish 
these  goals  has  been  implemented  as  an  inherent 
component  of  JLab’s  SNS  construction  effort.  This  QA 
program  encompasses  the  traditional  spectrum  of 
component  performance,  from  incoming  parts  inspection, 
raw  materials  testing,  through  to  sub-assembly  and 
finished  article  performance  evaluation.  Additionally, 
process  and  procedure  control,  vendor  performance  and 
oversight,  and  design  and  test  program  reviews  constitute 
complementary  areas  where  QA  involvement  contributes 
to  successful  production  performance. 

INTRODUCTION 

The  superconducting  linac  of  the  Spallation  Neutron 
Source  (SNS)  will  consist  of  23  cryomodules.  Eleven  of 
these  cryomodules  will  each  contain  3  medium  p 
superconducting  RF  cavities,  with  the  remaining  twelve 
each  containing  4  high  p  cavities.  In  addition  to 
superconducting  cavities,  the  cryomodules  contain  tuner 
mechanisms,  power  couplers,  diagnostic  and  control 
instrumentation,  and  cryogenic  circuits. 

These  cryomodules  must  meet  exacting  performance 
requirements.  To  ensure  this,  a  comprehensive  Quality 
Assurance  (QA)  program  has  been  developed.  This 
program  encompasses  a  wide  array  of  activities  and 
mechanisms,  including: 

•  inventory  control 

•  incoming  component  inspection 

•  component  and  materials  testing 

•  vendor  oversight 

•  process  and  procedure  control 

•  process  data  capture 

•  process  feedback 

•  sub-assembly  test  and  measurement 
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•  final  assembly  acceptance  testing 

•  document  control 

•  instrument  and  device  calibration 

Each  of  these  independent  yet  coupled  program 
elements  is  vital  to  ensuring  that  the  cryomodules  built  by 
Jefferson  Lab  for  the  SNS  SC  linac  achieve  the  required 
performance  and  reliability  goals. 

PROGRAM  COMPONENTS 

Inventory  Control 

All  parts,  components,  and  subassemblies  delivered  to 
JLab  from  vendors  are  inventoried,  inspected  for  damage, 
and  entered  into  a  commercial  electronic  inventory 
tracking  system.  Components  are  identified  using  in- 
house  generated  bar  code  labels,  and  stored  in  a  secure 
location.  Access  to  component  storage  is  restricted  to 
authorized,  trained  personnel.  Components  that  have  not 
passed  incoming  inspection  requirements  (non- 
conforming  parts)  are  segregated  from  usable  inventory. 
This  inventory  control  system  ensures  that  accelerator 
components  are  carefully  tracked,  stored,  and  only 
acceptable  components  are  used  in  cryomodule  assembly. 

Incoming  Component  Inspection 

Where  deemed  necessary,  dimensional  inspections  are 
performed  upon  receipt  of  a  component  to  verify 
conformance  with  required  parameters  and  tolerances. 
The  inspections  range  from  visual  inspection  to  note  the 
condition  of  surfaces,  welds,  or  finishes,  to  precise 
geometric  measurements  utilizing  a  coordinate  measuring 
machine  (CMM)  or  surveying  apparatus. 

All  inspections  are  performed  using  travelers  or 
officially  released  drawings,  and  all  inspection  data  is 
recorded  electronically  on-line  via  the  travelers  or  generic 
inspection  summary  reports,  using  the  Pansophy  system 
[1],  [2].  In  the  event  that  a  component  does  not  meet  the 
required  specifications,  a  non-conformance  report  (NCR) 
is  issued  and  the  item  is  returned  to  storage,  tagged  as 
“Do  Not  Use”,  and  segregated  from  usable  inventory, 
pending  disposition. 

Component  and  Materials  Testing 

In  many  cases,  commercially  purchased  components  or 
raw  materials  are  tested  for  compliance  with 
specifications.  For  the  SNS  medium  p  cavity  production 
effort,  essentially  the  entire  inventory  of  high  RRR  Nb 
disks  to  be  used  for  half  cell  fabrication  was  scanned  for 
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defects  using  an  eddy  current  apparatus  [4],  before  being 
sent  to  the  vendor.  Niobium  raw  material  was  also  tested 
for  mechanical  properties  not  only  in  the  as-received  state, 
but  also  after  representative  heat  treatments. 

Other  components  have  also  been  tested  to  ensure 
adequate  performance.  High  vacuum  all-metal  gate  valves 
have  been  leak  checked  and  tested  for  particulate 
generation.  End  cans,  thermal  shields,  and  other 
components  of  the  cryogenic  system  are  routinely  leak 
checked. 

Vendor  Oversight 

Vendor  task  execution  is  closely  monitored  so  that 
uniform  levels  of  quality  performance  are  maintained 
throughout  the  production  cycle.  Vendor-supplied 
fabrication  documentation  and  test  reports  are  consistently 
reviewed  and  compared  with  in-house  testing  and 
verification  of  parameters  to  uncover  discrepancies  or 
breakdowns  in  the  vendor’s  QA  program.  These  are 
immediately  addressed  with  the  additional  involvement  of 
technical  and  procurement  staff,  and  are  often  resolved 
through  the  adoption  by  the  vendor  of  more  accurate 
fabrication  or  testing  procedures. 

Process  and  Procedure  Control 

Consistent  cryomodule  performance  relies  upon  the 
uniform  and  consistent  application  of  processes  and 
procedures  that  have  been  developed  and  refined  through 
a  comprehensive  and  exhaustive  prototyping  program.  In 
order  to  provide  this  consistency,  JLab  relies  upon  process 
control  documents,  commonly  called  travelers,  which 
guide  all  inspection,  fabrication,  and  testing  activities. 

These  travelers,  which  are  all  accessible  in  electronic 
form  via  a  standard  web  browser  from  a  server  on  the 
JLab  intranet,  provide  detailed  task  instructions  and  links 
to  procedures,  reference  drawings,  and  parameter  lists, 
while  also  serving  to  provide  “shop  floor”  oversight  and 
review  through  process  “hold-points”.  Currently  there  are 
about  60  unique  travelers  in  use  for  SNS  medium-P 
cryomodule  production,  which  have  been  utilized  over 
1600  times. 

Process  Data  Capture 

In  addition  to  process  control,  the  electronic  travelers 
described  above  also  provide  a  means  for  easy  and 
efficient  process  data  capture.  Accurate  and  timely  capture 
of  inspection,  fabrication,  and  test  data  is  vital  to  ensuring 
the  integrity  and  accuracy  of  data  later  used  in 
performance  analysis  and  verification. 

The  travelers  are  designed  to  incorporate  data  fields  to 
accept  integer,  floating  point,  and  text  data,  along  with 
direct  upload  of  ASCII  or  binary  data  files.  The  data  are 
then  directly  entered  into  an  Ingres®  database,  and 
immediately  available  for  review  and  analysis.  The 
production  facilities  at  JLab  are  equipped  with  wireless 
LAN  transmitters,  so  that  laptop  PC’s  with  wireless 
network  cards  can  be  utilized  as  mobile  workstations  to 
serve  the  online  travelers. 


Process  Feedback 

The  electronic  travelers  provide  almost  real-time 
feedback  to  project  staff.  Data  recorded  by  the  travelers 
are  immediately  entered  into  the  supporting  database  and 
are  available  for  analysis.  The  general  data  field  query 
mechanism  of  Pansophy  allows  production  mangers  and 
engineers  to  easily  mine  the  traveler  data  to  develop 
correlations  between  measured  parameters  and  observed 
performance. 

Furthermore,  if  a  discrepancy  is  noted  during  an 
inspection,  assembly,  or  testing  process,  a  non¬ 
conformance  report  ^CR)  can  be  launched  from  within 
the  relevant  traveler.  This  NCR  is  hyper-linked  to  the 
traveler,  so  that  the  responsible  project  staff  can  easily 
review  the  source  of  the  NCR  and  dictate  the  appropriate 
corrective  action.  Once  the  project  staff  closes  out  the 
NCR,  its  initiator  is  notified  automatically  by  e-mail  of 
the  disposition. 

Sub-Assembly  Test  and  Measurement 

At  various  stages  in  the  production  cycle,  acceptance 
testing  is  performed  on  sub-systems  and  larger 
components.  This  testing  serves  to  ensure  that 
complicated  components  that  have  already  undergone 
significant  handling,  assembly,  or  fabrication,  are  able  to 
meet  their  performance  requirements.  Since  these 
systems,  once  installed  in  the  cryomodule,  are  usually  too 
complex  or  difficult  to  repair  or  re-configure  in-situ, 
acceptance  testing  prior  to  further  assembly  provides  an 
additional  measure  of  confidence. 

For  example,  before  string  assembly,  all  of  the 
superconducting  cavities  are  tested  in  the  JLab  Vertical 
Test  Area  (VTA)  at  2K.  Cavities  that  do  not  meet  the 
required  gradient  and  Qo  specifications  are  rejected,  re¬ 
processed,  and  re-tested  until  adequate  performance  is 
achieved  [4]. 

Likewise,  the  1  MW  power  couplers  are  baked  and  RF 
conditioned  to  ensure  that  they  will  provide  RF  power  at 
the  required  level  and  duty  cycle  without  experiencing 
arcing  or  vacuum  degradation.  This  conditioning  also 
allows  the  performance  of  the  coupler  instrumentation  to 
be  assessed  [5].  All  couplers  must  pass  this  acceptance 
test  before  being  released  for  use  on  a  ciyomodule. 

As  with  other  aspects  of  the  SNS  QA  program,  these 
tests  are  performed  using  electronic  travelers  that  provide 
control  of  the  test  and  measurement  processes  and 
procedures,  and  integration  of  the  data  with  the  Pansophy 
database. 

Final  Assembly  Acceptance  Testing 

The  ultimate  performance  verification  of  the  SNS 
cryomodules  is  achieved  through  comprehensive 
cryogenic  RF  testing  in  the  JLab  Ciyomodule  Test 
Facility  (CMTF).  While  cooling  the  SNS  cryomodules  to 
2K,  cryogenic  performance  and  instrumentation  is 
verified  and  recorded.  Each  cavity  is  then  powered  with 
the  IMW  klystron  and  RF  performance  parameters  such 
as  gradient,  Qo,  Lorentz  force  detuning,  microphonics, 
HOM  damping,  etc.  are  determined  and  recorded  [4]. 
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Again,  all  test  procedures  and  data  are  controlled  and 
integrated  using  the  online  electronic  traveler  system. 

Final  acceptance  of  the  cryomodules  by  the  SNS  is 
contingent  upon  a  successful  on-site  inspection  and 
verification,  where  the  cryomodules  are  inspected  for 
shipping  damage,  including  analysis  of  accelerometer 
readings  taken  during  shipment,  and  verification  of 
instrumentation  and  vacuum  system  integrity,  alignment, 
and  fundamental  cavity  frequencies. 

Document  Control 

The  efforts  to  fabricate,  assemble,  and  test  a  complex 
device  such  as  a  cryomodule  with  exacting  performance 
requirements  are  necessarily  driven  by  and  dependant 
upon  extensive  documentation.  Be  they  technical 
drawings  or  procedures,  process  control  documents, 
statements  of  work,  or  test  results,  it  is  vital  that  accurate 
documentation  be  utilized  at  all  times.  Except  for 
engineering  drawings,  version  control  and  central  archival 
of  project  documentation  is  achieved  using  the 
Docushare®  document  management  system  from  Xerox. 
(Engineering  drawings  are  managed  by  the  JLab 
Accelerator  Division’s  Mechanical  Engineering 
Department’s  Document  Control  Group.)  All  documents, 
drawings,  graphics,  etc.,  that  are  hyperlinked  to  the 
electronic  travelers  are  therefore  managed  such  that 
modifications  and  revisions  are  uploaded  following 
supervisory  mechanisms. 

Instrument,  Device  and  System  Calibration 

Any  QA  program  is  only  as  good  as  the  data  that 
process  control  and  engineering  design  decisions  are 
based  upon.  Acknowledging  this,  the  SRF  Institute  has 
required  that  instrumentation,  devices,  and  systems  that 
have  been  identified  as  process  quality  critical  be  in  valid 
calibration  status  or  removed  from  service.  A  tool  has 
been  developed  as  part  of  Pansophy  that  allows  devices  to 
be  entered  into  a  database,  which  tracks  their  calibration 
status,  notifies  the  device  or  system  owner  when 
calibrations  become  due,  and  provides  a  means  for 
requesting  a  device  be  sent  out  for  calibration.  Periodic 
audits  are  performed  to  ensure  compliance. 

In  addition  to  instrumentation  and  devices,  systems  as  a 
whole  also  are  subject  to  calibration  requirements.  The  RF 
test  facilities  are  characterized  by  active  and  passive 
components,  which  can  have  an  effect  on  measurement 
accuracy.  Therefore,  comprehensive  calibration  routines 
and  procedures  are  carried  out  and  documented  before 
acceptance  testing  can  begin. 

QUALITY  PROGRAM  IN  PRACTICE 

While  production  is  still  at  an  early  stage,  the  JLab  SNS 
QA  program  has  already  been  shown  to  be  effective  in 
several  concrete  ways. 

In  some  instances,  inspections  of  incoming  components 
revealed  lack  of  compliance  with  specifications,  such  as 
poor  adhesion  of  copper  plating  on  the  Fundamental 
Power  Coupler  (FPC)  outer  conductors,  incorrect  bayonet 
heights  on  the  cryomodule  end  cans,  warping  of  the  FPC 


inner  conductor,  and  incorrect  positions  of  the  rings  on  the 
cryomodule  space  frame.  Each  of  these  issues  were 
corrected  by  reviewing  and  revising  the  fabrication 
procedures  and  verification  processes  employed  by  the 
respective  vendors. 

Raw  materials  testing  has  likewise  proven  beneficial. 
Early  mechanical  tests  of  high-RRR  Nb  to  be  used  in 
fabrication  of  cavities  revealed  that  the  hardness  and 
elongation  properties  of  both  the  as-received  and  post¬ 
heat  treatment  samples  from  one  of  the  vendors  did  not 
meet  the  required  specifications  [6].  Closer  analysis 
indicated  that  the  material  had  not  been  fully  re- 
crystallized  due  to  incomplete  annealing.  The  material 
was  sent  back  to  the  vendor  for  re-annealing,  and  tested 
satisfactorily  upon  return.  The  vendor  subsequently 
modified  its  annealing  procedure. 

As  a  result  of  the  JLab  component  testing  program,  leak 
checking  of  the  LN2  circuits  of  the  thermal  shields 
eventually  revealed  leaks  that  had  not  been  discovered  by 
the  vendor’s  own  QA  program.  Discussions  with  the 
vendor  and  observations  of  their  procedures  led  to 
improvements,  which  then  yielded  the  required  sensitivity 
and  reliability.  No  leaks  have  been  found  subsequently. 

Continued  aggressive  adherence  to  this  QA  program 
will  prove  to  be  vital  in  ensuring  that  the  SNS  linac 
project  at  JLab  successfully  fulfills  its  obligations  in 
providing  cryomodules  that  meet  the  required 
performance  and  reliability  specifications  while  also 
accomplishing  cost  and  schedule  goals. 
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Accelerator  Division’s  Mechanical  Engineering  and 
Electrical  Engineering  Support  departments.  Their 
contributions  are  gratefully  acknowledged. 
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UTILIZATION  OF  INTEGRATED  PROCESS  CONTROL,  DATA  CAPTURE, 
AND  DATA  ANALYSIS  IN  CONSTRUCTION  OF  ACCELERATOR 

SYSTEMS  * 


V.  Bookwalter,  B.  Madre,  J.  P.  Ozelis,  C.  Reece 
Thomas  Jefferson  National  Accelerator  Facility,  Newport  News,  VA.  23606,  USA 

Abstract 


Jefferson  Lab  has  developed  a  web-based  system 
that  integrates  commercial  database,  data  analysis, 
document  archiving  and  retrieval,  and  user  interface 
software  into  a  coherent  knowledge  management 
product  called  Pansophy.  Pansophy  provides  key  tools 
for  the  successful  pursuit  of  major  projects  such  as 
accelerator  system  development  and  construction  by 
offering  elements  of  process  and  procedure  control, 
data  capture  and  review,  and  data  mining  and  analysis. 
Today,  Pansophy  is  used  in  Jefferson  Lab’s  SNS 
superconducting  linac  construction  effort  as  a  means 
for  structuring  and  implementing  the  QA  program,  for 
process  control  and  tracking,  and  for  cryomodule  test 
data  capture  and  presentation/analysis.  Development  of 
Pansophy  continues,  with  improvements  to  data 
queries  and  analysis  functions  that  are  the  cornerstone 
of  its  utility.  In  this  paper  the  present  configuration  and 
operational  environment  of  Pansophy  is  described, 
along  with  future  development  goals.  Additionally, 
specific  examples  of  its  use  in  an  accelerator 
construction  project  will  be  presented. 

MOTIVATION  AND  APPROACH 

Pansophy,  a  web-based  system  conceived  as  a 
vehicle  for  collecting,  managing  and  exploiting  the  data 
from  SRF  accelerator  subsystem  development  and 
production  efforts,  began  development  in  early  2000 
[1].  Because  data  from  the  construction  of  the  original 
CEBAF  accelerator  was  saved  in  paper  form,  it  was 
cumbersome  to  search,  and  trends  were  difficult  to 
spot.  Some  electronic  files,  often  in  the  form  of  Excel 
spreadsheets,  existed  on  individual  computers,  but 
there  was  no  coherent  effort  to  save  data  in  a 
searchable  electronic  format.  This  resulted  in  hesitancy 
to  search  the  archived  documentation  when  data  were 
needed.  It  was  believed  that  if  data  could  be  made 
immediately  available,  and  trends  observed  in  near 
real-time,  a  feed-forward  mechanism  could  then  be 
exploited,  and  lessons  learned  could  be  applied  quickly. 

To  make  the  most  efficient  use  of  development 
resources,  the  system  was  conceived  as  a  custom 
integration  of  several  commercial  software  packages. 

Since  its  initial  development,  Pansophy  has  become 
a  vital  resource  for  documenting  and  processing  data 
from  various  SRF  Institute  accelerator  projects.  Staff 
members  within  the  SRF  Institute  and  Accelerator 
Division  have  begun  making  extensive  use  of  its 
capabilities. 

♦Work  supported  by  the  U.  S.  Department  of  Energy  contract  DE-AC05- 
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GENERAL  DESCRIPTION 
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-  Assembly  1 
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Production  Data  Analysis  \ 
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-Matlab  { 
-Dump  Files 


Figure  1:  Overview  oi  Pansophy 


Travelers 


The  traveler,  a  central  component  of  Pansophy,  defines 
and  controls  a  process  while  gathering  data  particular  to  a 
part  or  assembly.  It  also  defines  a  unit  of  the  database 
structure.  Travelers  are  initially  generated  by  a  scientific  or 
technical  staff  member  using  a  Microsoft  Word®  template, 
while  Adobe  Acrobat®  provides  the  final  format  for  archival 
of  an  electronic  version  of  approved  travelers.  DocuShare®, 
a  document  management  software  tool  from  Xerox, 
manages,  archives,  and  provides  controlled  access  to 
travelers.  The  user  interface  is  written  using  Macromedia’s 
ColdFusion®,  and  an  automated  process  converts  the 
document  from  the  MS-Word®  format  to  ColdFusion 
Markup  Language  (CFML).  There  are  currently  over  100 
different  types  of  travelers,  which  have  collectively  been 
used  about  2000  times.  Traveler  data,  entered  online  via  a 
web  browser,  are  directly  uploaded  into  an  Ingres® 
database. 


Traveler  Features 

In  addition  to  the  process  control  and  data  capture 
functions  described  above,  travelers  also  incoiporate  “hold 
points,”  a  feature  that  prohibits  the  completion  of  a  traveler 
or  section  of  a  traveler  (and  therefore  process)  until  an 
authorized  supervisor  reviews  the  current  data.  Additionally, 
the  data  recorded  by  the  travelers  are  frozen  once  the 
traveler  is  closed.  These  features  contribute  to  satisfying 
quality  assurance  requirements. 

A  specialized  Non-Conformance  Report  (NCR)  was 
developed  to  track  situations  where  inspections,  processes, 
or  tests  have  uncovered  deviations  from  acceptable 
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parameters.  A  link  is  provided  on  each  traveler  to 
initiate  an  NCR,  which  is  automatically  emailed  to  the 
responsible  engineer  for  resolution.  Upon  resolution 
and  close  of  an  NCR,  the  results  are  automatically 
emailed  to  the  NCR  initiator  and  the  resident  inventory 
manager.  This  automated  process  ensures  the 
appropriate  project  feedback  is  achieved  [2]. 

Occasionally  activities  such  as  Electron  Beam 
Welding  or  Niobium  Inventory  Tracking  may  require  a 
custom  traveler  design.  This  can  be  easily 
accommodated. 

Access  Control  and  Administration 

The  SRF  Institute  at  Jefferson  Lab  has  developed  a 
hierarchical,  (WBS)  project-based  traveler  naming 
convention  consisting  of  five  components,  plus  a 
revision  number  and  a  sequence  number.  Authorized 
users  can  use  administrative  pages  to  add  new  traveler 
components,  modify  the  header  information  in  a 
traveler,  and  view  current  information. 

Pansophy  is  divided  into  functional  areas  and  tasks 
are  divided  into  levels.  Authorized  users  are  assigned 
privilege  levels,  thus  providing  secured  access  to  the 
various  functional  areas.  For  instance,  supervisors  can 
have  additional  security  levels  for  traveler  data 
approval,  while  administrators  have  appropriate 
security  levels  for  Pansophy  configurations  only.  Most 
Pansophy  security  and  administration  functions  can  be 
performed  online. 

Logbooks 

Pansophy  *s  electronic  Logbooks  provide  a 
mechanism  for  recording  time-stamped,  non-editable, 
easily  searchable  entries  of  experimental  setups, 
procedures,  data,  and  other  information.  In  addition  to 
this  customary  usage,  these  e-logs  have  proven 
valuable  as  a  source  of  information  for  traveler 
development. 

QC/QA  functions 

As  Pansophy  usage  increased,  additional 
functionality  was  added  to  facilitate  meeting  QC/QA 
program  requirements.  A  calibration  management  tool 
was  added  which  permits  users  to  enter  devices  into  a 
database  with  required  inspection  dates  and  durations 
and  calibrator  information.  The  tool  automatically 
emails  calibration  reminders  to  device  owners,  as  well 
as  allowing  owners  to  track  the  location  of  devices  and 
instrumentation. 

In  addition  to  the  calibration  system,  a  maintenance 
utility  based  on  similar  requirements  has  been  added.  It 
is  presently  used  to  track  and  record  maintenance  status 
of  vacuum  equipment  operating  in  both  the  accelerator 
facility  (CEBAF)  and  the  SRF  Institute. 

USE  IN  ACCELERATOR  PRODUCTION 

Recent  Pansophy  development  has  focused  on 
providing  and  optimizing  database  query  functionality. 


This  functionality  provides  the  essential  capability  for  data 
mining  of  the  traveler  system,  a  primary  motivation  for 
Pansophy.  Both  pre-defined  and  user-defined  queries  have 
been  implemented. 

Pre-defined  queries  include  simple  searches  based  on 
Cavity  ID,  Serial  Number,  and  Vendor  ID.  Once  user  input 
has  been  entered,  all  travelers  whose  data  fields  contain  this 
label  are  searched  for  matches  to  the  user  input.  A  list  of 
travelers  is  presented  to  the  user  with  links  to  the  traveler 
data,  allowing  the  user  to  quickly  find  a  traveler  for  a 
particular  cavity  and  then  directly  access  that  cavity’s  data. 

Other  pre-defined  queries  include  searches  of  NCR  status 
(open/closed/all),  listings  of  all  instantiations  of  a  selected 
traveler,  and  tabular  listings  of  all  data  fields  for  all 
instantiations  of  a  traveler.  The  NCR  search  provides  an 
efficient  means  of  tracking  NCR  status.  The  data  field  grids 
provide  overviews  of  traveler-generated  data  and  allow  for 
initial  review  of  current  results  from  a  given  production 
process,  which  enables  feedback  to  production  managers  and 
engineers. 

The  user-defined  query  is  one  of  the  most  powerful,  useful 
features  of  the  Pansophy  system.  Initially,  users  are 
presented  with  a  list  of  travelers  from  which  to  select.  When 
a  particular  traveler  is  selected,  a  listing  of  available  data 
fields  for  that  traveler  is  displayed,  grouped  by  traveler  page 
number  (Figure  2).  The  user  then  selects  the  data  of  interest, 
defines  the  Boolean  operators  to  be  used  (>,  <,  =,  LIKE, 
etc.),  and  selects  the  operand  for  the  query  (Figure  3).  The 
user  submits  the  query  to  the  database  interactively  and  is 
presented  with  a  spreadsheet-style  listing  of  the  requested 
data.  This  data  can  then  be  transferred  to  an  application  such 
as  Excel  for  further  analysis  (see  Fig.  4).  Queries  and 
analyses  like  those  in  Figure  4  provide  a  quick  and  efficient 
means  for  tracking  trends  and  performance  during  the 
production  run. 

FUTURE  DEVELOPMENT 

The  ultimate  functionality  and  utility  of  Pansophy  is 
explicitly  linked  to  the  ability  by  users  to  extract,  analyze, 
and  benefit  from  the  data  captured.  Recognizing  this,  future 
development  of  Pansophy  will  concentrate  on  developing 
even  more  flexible  and  useful  query  mechanisms  and  data 
output  options. 

Additionally,  the  integration  of  analysis  tools  such  as 
Matlab®  will  be  pursued.  This  will  enable  users  to  develop 
semi-custom  stored  query  /analysis  suites,  so  that  data  can 
be  routinely  analyzed  in  a  consistent  manner. 

In  addition  to  analysis  of  data  resulting  from  operation  of 
query  logic,  high-level  “views”  are  planned,  where  one  can 
chose  a  component  (cryomodule,  for  example),  and  then 
access  performance  and  fabrication  data  for  that  component, 
and  some  fraction  of  its  subcomponents,  using  a  graphical 
interface.  This  interface  would  allow  one  to  “drill  down”  to 
the  sub-component  level  and  generate  static  reports  of 
relevant  parameters.  Such  a  feature  is  expected  to  be 
extremely  useful  in  the  commissioning  phase  of  installed 
accelerator  components. 
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Figure  2.  Traveler  data  field  listing  used  for  generating  user-defined  query. 
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Figure  3.  Selection  of  operators  and  operands  for  user- 
defined  query 


SNS  Medium  P  Cavity  Field  Flatness 


Cavity  ID 

Figure  4.  Results  of  a  user-defined  query  of  SNS 
cavity  field  flatness  %,  plotted  by  cavity. 
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Abstract 

Controlling  the  longitudinal  distribution  in  an  electron 
beam  traveling  through  an  accelerator  can  enhance  system 
performance  in  various  ways.  Prebunching  an  electron 
beam  in  an  accelerator  can  lead  to  enhanced  radiation 
production  from  various  emitters.  Smoothing  the  shape  of 
the  electron  beam  pulse  may  suppress  instabilities  that 
result  in  beam  breakup.  This  work,  a  collaboration 
between  the  University  of  Maryland  and  the  Source 
Development  Laboratory  at  Brookhaven  National 
Laboratory,  uses  a  TiiSapphire  drive  laser  modulated  at 
terahertz  frequencies  to  extract  a  prebunched '  beam 
directly  from  the  photocathode  prior  to  acceleration  in  a 
linear  RF  accelerator.  We  have  demonstrated  that 
prebunched  terahertz  structure  can  be  maintained  after 
leaving  the  photocathode  and  through  acceleration  to  high 
energy.  Through  the  use  of  simulation  and  experiment, 
this  work  further  explores  the  characteristics  of  an 
electron  beam  produced  in  this  manner  and  examines  the 
possibility  of  using  this  technology  to  develop  a  compact, 
powerful,  narrowband  terahertz  enaitter. 

1  INTRODUCTION 

During  the  last  year,  the  University  of  Maryland  has 
been  working  with  the  Source  Development  Laboratory  at 
Brookhaven  National  Laboratory  to  develop  a  new 
terahertz  light  source.  In  2002,  high-power  broadband 
terahertz  radiation  at  an  average  power  of  20  W  was 
recorded  at  the  Free  Electron  Laser  Facility  at  Jefferson 
Laboratory  [1].  In  contrast,  the  goal  of  this  collaboration 
is  to  develop  technology  that  will  lead  to  a  compact,  high- 
power,  narrow-band  terahertz  source.  In  this  case,  the 
photocathode  drive  laser  (a  Ti:Sapphire  laser  frequency 
tripled  to  266  nm)  is  used  as  an  optical  switch  to  turn  the 
electron  beam  on  and  off  at  terahertz  frequencies.  The 
fast  switching  of  the  drive  laser  results  in  a  pre-bunched 
electron  beam.  This  prebunched  electron  beam  is  then 
accelerated  from  low  energy  near  the  cathode  to 
relativistic  velocities  and  caused  to  radiate.  When  an 
electron  beam  is  prebunched,  the  radiation  emitted  near 
the  bunching  frequency  will  be  coherent,  and  the  energy 
will  be  enhanced  by  a  factor  of  the  number  of  electrons  in 
the  beam  above  the  incoherent  energy  [2]. 

A  preliminary  experiment  modulated  the  266-nm  drive 
laser  at  terahertz  frequencies  by  using  pulseshaping 
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techniques  [3]  based  on  a  modified  chirped-pulse 
amplification  system.  The  drive  laser  was  incident  on  a 
copper  photocathode,  which  produced  a  50-pC  electron 
beam  that  was  also  modulated  in  the  terahertz  regime. 
The  incident  drive  laser  pulse  was  measured  with  a 
scanning  cross-correlator  [4]  (Fig.  1). 


Figure  1:  Cross-correlation  measurement  of  266-nm 
drive  laser  pulse  incident  on  photocathode  (Head  of  pulse 
on  right). 

The  time  profile  of  the  electron  beam  that  was 
generated  with  the  drive  laser  pulse  shown  in  Fig.  1  was 
measured  using  the  RF-zero  phasing  technique  (Fig.  2). 


Figure  2:  RF-zero  phasing  measurement  of  electron  beam 
generated  by  laser  pulse  in  Fig.  1.  (Head  of  bunch  on  left). 

Currently,  a  mirror  is  inserted  into  the  beamline  to 
generate  transition  radiation.  The  diagnostic  system  to 
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measure  the  energy  and  spectrum  of  the  light  generated  by 
the  beam  is  still  being  improved.  Future  experiments  will 
use  this  system  in  order  to  verify  coherent  radiation 
production,  and  demonstrate  that  the  terahertz  light  is 
easily  tunable  by  changing  the  bunching  frequency.  In 
order  to  achieve  this  goal,  terahertz  filters  are  being 
produced  to  assist  with  diagnostics  and  additional 
PARMELA  simulations  help  predict  the  expected  high- 
frequency  and  high-charge  limits  of  this  technique. 

2  DIAGNOSTIC  IMPROVEMENTS 

Spectral  information  for  terahertz  radiation  can 
currently  be  measured  using  a  step-scan  Michelson 
interferometer  with  a  bolometric  detector.  While  the 
interferometer  can  be  used  to  collect  detailed  data,  rough 
spectral  content  can  be  measured  quickly  using  various 
band-pass  filters. 

The  filters  were  constructed  using  stainless  steel  shim 
stock  (each  filter  is  a  few  hundred  micrometers  thick)  that 
is  chemically  etched  to  produce  holes  that  are  fractions  of 
a  millimeter  in  diameter.  An  example  of  one  of  these 
filters  is  shown  in  Fig.  3.  When  this  steel  etch  is  mounted 
on  a  fluorogold  substrate,  reasonable  band-pass 
performance  at  terahertz  frequencies  is  achieved. 


Frequency  Characteristics  of  Etched  Steel/FI uorogold  Filter 
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Figure  4:  Terahertz  band-pass  filter. 


3  PARMELA  SIMULATIONS 

The  electron  beam  modulation  is  introduced  at  the 
cathode  by  modulating  the  drive  laser  at  terahertz 
frequencies.  Since  the  electron  beam  is  prebunched  at 
extremely  low  energies,  space  charge  forces  will  play  a 
large  role  in  beam  dynamics  before  it  is  accelerated  to 
relativistic  energy.  Therefore,  it  is  likely  that  the 
modulation  on  the  electron  beam  will  become  less 
pronounced  as  the  frequency  of  modulation  and  bunch 
charge  increase. 


Figure  3:  Etched  steel  terahertz  filter. 

The  frequency  characteristics  of  one  filter,  tested  at  the 
U12IR  at  the  National  Synchrotron  Light  Source,  are 
shown  in  Fig.  4. 

The  additional  filters  still  need  to  be  characterized,  but 
the  center  frequency  of  each  one  will  be  shifted  so  that 
various  filters  could  be  used  in  order  to  estimate  the 
nature  of  the  spectral  content  of  the  emitted  radiation. 


The  acceleration  froih  cathode  to  gun  exit  was  modeled 
using  the  code  PARMELA.  The  input  particle 
distribution  at  the  cathode  was  considered  to  be  identical 
to  a  simulated  laser  beam  envelope  because  emission  at  a 
copper  cathode  like  the  one  at  the  Source  Development 
Laboratory  is  considered  to  be  prompt  [5].  For  example, 
one  input  distribution  included  four  equally  sized  bunches 
separated  at  -1  THz. 

The  electron  density  distribution  was  examined  at  the 
exit  of  the  gun  as  a  function  of  total  charge  and  frequency 
of  modulation.  The  degree  of  modulation,  or  contrast,  is  a 
good  measure  of  how  much  energy  will  be  radiated  by  the 
beam,  and  is  given  by 


Contrast  = 


^max 


(1) 


where  N^ax  is  the  maximum  electron  density  and  is 
the  minimum  electron  density  in  the  bunch.  The 
frequency  of  the  density  modulation  was  also  obtained  at 
the  gun  exit. 
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The  Source  Development  Laboratory  is  able  to  produce 
electron  beams  that  contain  up  to  1  nC  of  charge. 
Although  approximately  0.8  THz  modulation  on  a  50  pC 
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electron  beam  was  achieved  in  previous  experiments, 
future  experiments  should  explore  a  broader  frequency 
range  and  higher  charges  per  bunch.  Therefore,  the 
simulations  were  designed  to  explore  the  frequency  range 
between  1  and  4  THz,  and  at  varying  charges  up  to  1  nC. 
Figure  5  shows  preliminary  results  for  the  contrast 
between  1  and  4  THz  at  100  pC,  500  pC,  and  1  nC. 


Modulation  Contrast  at  Various  Frequencies  and  Charges 


Figure  5:  Degree  of  electron  beam  modulation  as  a 
function  of  charge  and  frequency. 

The  degrading  effect  of  space  charge  on  the  modulation 
contrast  at  the  injector  exit  is  clear  in  Figure  5.  It  seems 
that  modulation  of  the  electron  beam  at  the  photocathode 
as  a  method  of  prebunching  would  at  least  be  moderately 
effective  up  to  a  few  terahertz  at  500  pC  and  below.  As 
expected,  at  low  charge  (-100  pC)  and  low  frequencies, 
the  degree  of  modulation  at  the  injector  exit  remains  the 
highest.  In  contrast,  at  high  charge  (-1  nC),  or  high 


frequencies  there  is  degradation  of  the  beam  envelope 
even  at  relatively  low  frequencies. 

4  CONCLUSION 

In  previous  experiments,  we  were  able  to  demonstrate 
that  modulating  the  envelope  of  the  drive  laser 
appropriately  can  modulate  an  electron  beam  at  terahertz 
frequencies.  The  prebunched  electron  beam  can  then  be 
used  to  radiate  coherently.  Changing  the  frequency  of 
drive  laser  modulation  will  also  cause  the  electron  beam 
modulation  frequency  to  shift.  The  frequency  content  of 
radiation  emitted  by  the  electron  beam  will  also  shift. 
Therefore,  this  method  could  be  used  to  build  a  compact, 
high-power,  accelerator  based  terahertz  radiation  source. 

To  proceed  toward  that  goal,  we  can  use  terahertz  filters 
to  quickly  identify  the  spectral  content  of  radiated  light, 
and  can  use  the  PARMELA  simulations  to  help  us 
illuminate  some  of  the  limitations  of  this  technique. 
Further  work  will  also  include  additional  experiments  at 
the  Source  Development  Laboratory  to  verify  the 
predictions  naade  by  the  PARMELA  simulations. 
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Abstract 

Diversified  Technologies  has  constructed  a  solid-state 
transmitter  for  the  Advanced  Photon  Source  at  Argonne 
National  Laboratory.  The  transmitter  includes  a  series 
opening  switch  that  protects  the  klystron,  a  modulating- 
anode  supply,  and  a  filament  heater.  The  opening  switch 
has  substantial  advantages  over  a  crowbar  in  protecting 
RF  amplifiers.  The  mod-anode  supply  was  newly  devel¬ 
oped  for  this  transmitter. 

1  INTRODUCTION 

Diversified  Technologies  has  delivered  a  fully  solid- 
state  transmitter  to  the  Advanced  Photon  Source  at  Ar¬ 
gonne  National  Laboratory.  A  photograph  of  the  transmit¬ 
ter  is  shown  in  Figure  1. 

The  high-voltage  portion  of  the  transmitter,  dia¬ 
grammed  in  Figure  2,  consists  of  three  major  units:  an 
opening  switch,  a  modulating-anode  power  supply,  and  a 
filament  heater.  The  opening  switch  protects  against 
short-circuit  faults  in  the  klystron.  The  modulating-anode 
supply  corrects  for  variation  in  the  accelerator  current;  it 
operates  in  linear  mode.  The  filament  heater  provides  DC, 
rather  than  AC,  to  minimize  ripple  on  the  beam. 

The  system  also  includes  power  supplies  for  the  ion 
pump  and  klystron  magnets,  and  a  control  system  that 
monitors  faults  and  sends  data  to  the  accelerator  control 
room. 

This  paper  discusses  the  opening  switch  and  the  mod- 


Figure  1.  Transmitter  for  the  Advanced  Photon 
Source,  with  one  of  the  authors  (I.R.). 


Figure  2.  High  voltage  portion  of  the  transmitter.  Not 
shown  are  the  low-voltage  power  supplies  for  the  ion 
pump  and  magnets. 

anode  supply. 


2  OPENING  SWITCH  ADVANTAGES 


Crowbars  are  commonly  used  to  protect  klystrons  from 
arc  damage.  When  an  arc  occurs,  the  crowbar  closes,  and 
rapidly  discharges  the  energy-storage  capacitor.  A  typical 
crowbar  circuit  that  shunts  energy  from  the  load  is  shown 
in  the  upper  diagram  of  Figure  3.  An  alternative  way  to 
protect  a  klystron  is  to  use  a  switch  that  opens  during  an 
arc,  as  shown  in  the  lower  diagram  of  Figure  3.  Opening 
switches  have  substantial  advantages  over  crowbars: 

1.  No  series  resistor  is  required  in  the  circuit,  so  an 
opening-switch  system  has  higher  efficiency, 

2.  Opening  switches  couple  less  energy  into  an  arc; 
because  of  this,  they  give  substantially  longer  RF 
tube  lifetime. 

3.  Because  the  energy-storage  capacitor  does  not 
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Figure  3.  Circuit  diagrams  for  crowbar  (up¬ 
per)  and  opening  switch  (lower). 
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discharge  during  an  arc,  high  voltage  (and  RF) 
can  be  turned  on  again  immediately  after  the  arc 
clears. 

4.  Solid-state  opening  switches  use  no  mercury,  in 
contrast  to  the  ignitrons  typically  used  in  crow¬ 
bars.  Mercury  clean-up  from  an  exploded  igni- 
tron  is  time-consuming  and  costly. 

Diversified  Technologies  has  developed  opening 
switches  made  from  series  arrays  of  solid-state  IGBTs  and 
FETs.  These  have  much  longer  lifetimes  than  vacuum 
tubes.  The  forward  voltage  drop  of  these  opening  switches 
is  small,  less  than  0.5%  of  the  rated  switch  voltage.  DTI 
solid-state,  high-voltage  opening  switches  have  been  in 
service  for  years. 

An  additional  benefit  of  the  series-array  opening  switch 
is  its  redundancy.  The  switch  is  made  with  excess  voltage 
capability,  similar  to  high  voltage  rectifier  stacks.  A 
switch  can  continue  operating  even  if  several  devices 
should  fail,  since  IGBTs  always  fail  shorted. 

3  OPENING  SWITCHES 

5.7  Current  Ratings 

DTI’s  opening  switches  use  different  components,  de¬ 
pending  on  the  current  required.  The  switch  built  for  the 
Argonne  transmitter  uses  IGBT  modules,  and  is  rated  for 
100  A  DC  and  up  to  750  A  pulsed.  A  single  switch  plate 
is  shown  in  Figure  4.  Some  DTI  switches  use  higher- 
current  IGBT  modules,  at  up  to  400  A  DC  and  5  kA 
pulsed.  For  lower-current  applications,  discrete  IGBTs  are 
used;  these  carry  currents  of  up  to  25  A  DC,  and  200  A 
pulsed.  All  of  these  switches  require  an  output  current 
monitor  and  fast  logic  that  opens  the  switch  when  a  short- 
circuit  is  detected. 

5.2  Opening  Switch  Operation 

The  typical  time  between  fault  sensing  and  switch 
opening  is  700  ns,  depending  on  the  specific  switch  and 
controls  configuration.  This  is  roughly  five  times  faster 


eral  orders  of  magnitude  less  fault  energy  into  the  load. 
Figure  5  shows  the  response  to  an  arc  in  a  system  installed 
at  CPI. 

After  an  arc,  the  switch  can  resume  normal  operation  in 
less  than  100  ps-  the  actual  time  depends  on  the  load  re¬ 
covery.  This  fast  response  may  make  it  possible  to  retain  a 
circulating  beam  in  an  accelerator  after  a  klystron  fault. 
The  fast  response  can  also  be  of  high  value  in  a  military 
radar  system. 


Figure  5.  Waveforms  of  a  deliberate  opening 
switch  deliberate  arc.  Upper  trace,  voltage, 

50  kV/division;  lower  trace,  current,  250 
A/division. 

The  current  in  a  pulsed  system  is  typically  measured 
with  a  current  transformer,  in  a  DC  system  (such  as  the 
Advanced  Photon  Source  at  Argonne  National  Labora¬ 
tory)  a  current  transformer  does  not  work  well,  because 
the  ferrite  saturates.  DC  systems  use  a  Hall-effect  current 
monitor,  which  both  operates  with  constant  current,  and 
has  a  pulse  response  fast  enough  for  fault  detection. 

Figure  6  shows  the  logical  steps  in  detecting  and  re¬ 
sponding  to  a  load  fault,  such  as  an  arc.  The  key  to  use  of 
an  opening  switch  is  to  perform  all  of  these  steps,  from 
detection  to  gate  drive  output,  as  quickly  as  possible. 


Figure  4.  Solid-state  switch  plate  for  the  Argonne 
Advanced  Photon  Source.  Each  plate  is  rated  at  3.3 
kV,  100  A  continuous;  36  plates  are  connected  in 
series  to  achieve  over  100  kV  switch  capability. 


Figure  6.  Opening  switch  fault  action. 


than  a  conventional  crowbar  system,  and  dissipates  sev- 
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4  MODULATING  ANODE  SUPPLY 

The  modulating-anode  (or  mod-anode)  supply  provides 
feedback  from  the  circulating  accelerator  beam  to  the  kly¬ 
stron.  Previously  to  this,  mod-anode  supplies  were  made 
using  vacuum  tubes,  which  have  a  limited  lifetime.  DTI 
has  developed  a  long-life  solid-state  mod  anode  supply. 

The  mod-anode  supply  is  implemented  as  a  resistor- 
transistor  divider,  which  has  simple  controls  and  no 
crossover  distortion.  A  simplified  circuit  diagram^  is 
shown  in  Figure  7,  The  entire  string  comprises  sixteen 
circuits,  each  made  of  ten  IGBTs.  Each  10-IGBT  array  is 


+HV  in 


Figure  8.  Pulsed  waveforms  for  10-IGBT  linear 
circuit.  Upper  waveform:  Trigger  voltage,  50 
mV/division.  Lower  waveform:  Voltage  across  the 
array,  1  kV/di vision.  Sweep  speed:  500  ps/division. 
5  kV  was  applied  across  the  stack;  load  resistance 
was  100  kQ.  The  circuit  was  driven  from  off  to 
fully  conducting. 


driven  by  a  single  photo-transistor  connected  to  the  gate 
of  the  bottom  IGBT;  the  phototransistor  is  driven  by  a 
fiber-optic  cable.  A  sample  voltage  waveform  is  shown  in 
Figure  8. 

The  full  mod-anode  supply  has  a  minimum  off-voltage 
of  3.6  kV.  The  slew  rate  of  supply  is  limited  by  the  load 
capacitance,  630  pF,  and  maximum  current  that  can 
charge  this  capacitance  without  causing  an  over-current 
trip,  10  mA.  These  two  quantities  give  a  slew  rate  of 
16  kV/ms  in  the  cathode  direction,  and  12  kV/ms  in  the 
anode  direction  at  a  voltage  of  30  kV  between  the  mod 
anode  and  ground.  The  slew  rates  exceed  the  operational 
requirements. 

5  APPLICATIONS /SUMMARY 

Any  high  voltage  system  which  requires  a  crowbar  for 
load  protection  can  be  upgraded  to  a  fast  opening  series 
switch.  The  advantages  of  this  approach  include: 

1.  Faster  arc  response 

2.  Lower  energy  delivered  into  the  arc 

3.  Much  lower  fault  currents  -  by  orders  of  magni¬ 
tude  in  many  cases 

4.  Nearly  immediate  (microseconds)  resumption  of 
operation 

5.  Significantly  lower  stresses  on  the  upstream 
power  components  in  the  system,  such  as  trans¬ 
formers,  circuit  breakers,  and  capacitors 

In  a  pulsed  power  system,  these  advantages  are  essen¬ 
tially  free.  The  same  series  switch  can  function  as  both  the 
pulse  modulator  and  the  series  opening  switch. 

Simply  adding  a  series  opening  switch  to  a  high  voltage 
system  can  be  a  highly  beneficial  path  to  increased  reli¬ 
ability  and  operability.  If  a  simple  50/60  Hz  transformer- 
rectifier  power  supply  is  used,  however,  the  overall  sys¬ 
tem  design  must  also  address  the  unloaded  voltage  of  the 
supply  -  since  opening  the  series  switch  essentially  pre¬ 
sents  the  supply  with  an  open  circuit  at  its  output.  If  the 
series  resistance  of  the  power  supply  is  high  (which  is 
typical  in  a  crowbar  system  to  limit  currents  into  a  crow¬ 
bar),  this  unloaded  voltage  may  be  higher  than  the  typical 
operating  voltage.  A  switching  power  supply,  capable  of 
responding  quickly  to  changes  in  load,  eliminates  this 
concern. 
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Abstract 

The  beam  power  in  the  upgraded  Booster  at  8  GeV  and 
10  Hz  will  be  64  kW.  Beam  loss  can  result  in  high  radiation 
loads  in  the  ring.  The  purpose  of  a  new  beam  halo  cleaning 
system  is  to  localize  proton  losses  in  specially  shielded  re¬ 
gions.  Calculations  show  that  this  2-stage  collimation  sys¬ 
tem  will  localize  about  99%  of  beam  loss  in  straight  sec¬ 
tions  6  and  7  and  immediately  downstream.  Beam  loss  in 
the  rest  of  the  machine  will  be  on  average  0. 1  W/m.  Local 
shielding  will  provide  tolerable  prompt  and  residual  radia¬ 
tion  levels  in  the  tunnel,  above  the  tunnel  at  the  surface  and 
in  the  sump  water.  Results  of  thorough  MARS  calculations 
are  presented  for  a  new  design  which  includes  shielding  in¬ 
tegrated  with  the  collimators,  motors  and  controls  ensuring 
a  high  performance  and  facilitating  maintenance. 

BEAM  COLLIMATION 

With  the  construction  of  an  8  GeV  target  station  for  the 
5  Hz  MiniBooNE  neutrino  beam  and  rapid  multi-batch  in¬ 
jection  into  the  Main  Injector  for  the  NuMI  experiment, 
the  demand  for  Booster  protons  is  increased  dramatically  at 
Fermilab.  This  implies  serious  constraints  on  beam  losses 
in  the  machine.  The  beam  power  in  the  Booster  at  8  GeV 
with  5x10^^  ppp  at  10  Hz  will  be  64  kW.  Assuming  that 
30%  of  the  beam  is  lost  at  injection  and  2%  at  top  energy, 
0.96  kW  (at  0.4  GeV)  and  1.28  kW  (at  8  GeV)  of  beam 
loss  are  distributed  around  the  ring  with  a  beam  loss  rate 
of  13-60  W/m  in  the  RF  cavities.  The  corresponding  resid¬ 
ual  radiation  levels  inside  the  tunnel,  in  sump  water  and  the 
prompt  radiation  levels  outside  the  tunnel  shielding  would 
substantially  exceed  tolerable  limits. 

In  order  to  control  beam  loss  and  corresponding  radia¬ 
tion  levels  around  Booster  so  as  to  avoid  radiation  damage 
to  sensitive  components  (cables,  connectors  etc)  and  mini¬ 
mize  exposures  to  personnel  and  environment,  particularly 
in  high-maintenance  areas  (RF  stations),  one  needs  to  in¬ 
tercept  those  protons  that  are  doomed  to  be  lost  and  con¬ 
tain  them  in  a  well  shielded  location.  The  purpose  of  the 
beam  halo  cleaning  system  proposed  in  Ref.  [1]  is  to  local¬ 
ize  proton  losses  in  sections  6  and  7  which  are  far  from  the 
engineering,  support  and  office  buildings. 

A  2-stage  collimation  system  is  proposed  with  thin  hori¬ 
zontal  and  vertical  carbon  or  tungsten  foils  (section  5)  fol¬ 
lowed  by  secondary  collimators  (sections  6  and  7).  Foils 
are  placed  at  the  edge  of  the  circulating  beam  after  injec¬ 
tion.  Secondary  collimators  are  positioned  with  a  0.5 cr  off¬ 
set  with  respect  to  the  foils  at  phase  advances  that  are  op- 
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timal  to  intercept  most  of  particles  out-scattered  from  the 
foils  during  the  first  turn  after  the  halo  interaction  with  the 
foils  (37°  and  154°  horizontal,  and  20°  and  127°  vertical). 

It  was  shown  in  Ref.  [1]  that  the  highest  collimation  effi¬ 
ciency  is  achieved  if  the  scatterer  thickness  is  changed  dur¬ 
ing  the  cycle  from  0.003  mm  to  0.1  mm  for  tungsten  or 
from  0.15  mm  to  5.4  mm  for  carbon.  This  can  be  done 
by  rotation  of  a  wedge  disk.  Currently  installed  are  two 
0.3-mm  carbon  foils.  Fig.  1  shows  recent  measurements  of 
beam  loss  rates  in  the  Booster  ring  as  a  difference  between 
beam  loss  monitor  readings  without  any  collimators  and 
with  the  vertical  primary  collimator  in.  As  expected,  losses 
are  decreased  everywhere  except  near  the  L6  section  -  a  lo¬ 
cation  where  the  secondary  collimators  will  be  installed  to 
intercept  the  protons  scattered  in  the  primary  collimators. 
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Figure  1:  Difference  in  BLM  readings  around  the  ring 
without  and  with  the  L5  vertical  primary  collimator. 

The  jaws  of  the  secondary  collimators  L6A  (H), 
L6B  (V-hH)  and  L7  (V-i-H)  are  0.6-m  long  stainless  steel. 
Such  a  system  would  localize  about  99%  of  beam  loss  in 
these  three  regions  and  immediately  downstream.  Beam 
loss  in  the  rest  of  the  machine  is  on  average  0.1  W/m,  with 
several  peaks  of  ^1  W/m.  Beam  loss  rates,  calculated  for 
a  5x  10^^  proton  beam  at  10  Hz  as  a  fraction  of  the  total 
beam  intensity,  are 

•  At  8  GeV:  1  %  or  5  x  10^^  p/s  in  L6  (two  thirds  on  L6A 
and  one  third  on  L6B),  and  1%  in  L7  and  in  short  re¬ 
gions  downstream  of  L6  and  L7. 

•  At  0.4  GeV:  20%  or  10^^  p/s  in  L6  (two  thirds  on  L6A 
and  one  third  on  L6B),  and  10%  in  L7  and  in  short 
regions  downstream  of  L6  and  L7. 

These  results  are  based  on  struct  simulations  per¬ 
formed  for  the  Booster  lattice  without  injection  and  ex¬ 
traction  bumps.  Recent  studies  reveal  that  large  focusing 
effects  of  these  rectangular  bump  magnets  change  the  /?- 
functions  and  dispersion,  and  may  affect  the  collimation 
system  efficiency  calculated. 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 


1503 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


INTEGRATED  SYSTEM 

Full-scale  Monte  Carlo  hadronic  and  electromagnetic 
shower  simulations  in  the  collimators,  lattice  elements, 
shielding,  tunnel  and  surrounding  soil  are  done  with 
MARS  14  [2]  code.  The  following  constraints  were  taken 
into  account  while  developing  the  optimal  collimator¬ 
shielding  system: 

•  Prompt  dose  equivalent  at  peak,  1 3.5  feet  of  dirt  above 
the  tunnel,  is  below  0.05  mSv/hr  (1  Sv  =  100  rem). 

•  Activation  of  water  in  the  sumps  is  within  the  allowed 
limits  for  surface  discharge.  This  corresponds  to  a  star 
density,  averaged  over  the  gravel  around  the  tunnel,  of 
less  than  4000  cm“^s”^. 

•  Activation  of  the  outer  surfaces  that  are  accessible  to 
personnel  allows  hands-on  maintenance  with  a  resid¬ 
ual  contact  dose  rate  below  1  mSv/hr  after  30-day  of 
irradiation  and  1-day  of  cool  off. 

•  Accumulated  absorbed  dose  in  cables,  motors,  and  in¬ 
strumentation  is  below  the  20-year  lifetime  limits. 

•  Air  activation  and  water  activation  in  nearby  LCW 

pipes  is  low.  ^ 

The  original  design  [1]  consisted  of  L-shaped  copper 
jaws  brazed  to  a  beam  pipe.  Stands  and  motors  were  de¬ 
signed  to  allow  lots  of  room  to  stack  steel  shielding.  There 
were,  necessarily,  rather  large  gaps  between  the  jaws  and 
shielding  allowing  radiation  to  escape  the  core,  activate  air 
and  increasing  the  shielding  dimensions.  To  access  the  col¬ 
limator  itself  in  the  event  of  a  catastrophic  failure  would 
require  removing  the  shielding  and  exposing  a  very  hot 
object.  The  final  solution  was  an  integrated  collimator¬ 
shielding  system.  In  this  design,  all  failure  prone  com¬ 
ponents  are  outside  the  shielding.  This  module  is  rather 
compact  (approximately  1  x  1  x  1  m^  outside)  and  uniform, 
with  no  cracks  and  gaps,  eliminating  the  air  activation  prob¬ 
lem.  Because  of  the  tight  integration  of  the  collimator  and 
shielding  steel,  both  the  collimator  and  the  surrounding 
shielding  move  as  a  unit.  The  actuators  are  to  be  sized  to 
move  the  1 1.6  ton  block,  a  typical  weight  for  remotely  op¬ 
erated  magnet  stands. 

The  mechanical-electrical  design  took  the  following  me¬ 
chanical  specifications  into  account: 

•  The  apertures  do  no  occlude  any  beam  when  in  the 
garage  position. 

•  •  They  can  be  remotely  translated  by  1.5  inches  both 
horizontally  and  vertically. 

•  They  can  be  remotely  positioned  to  ±1  mm. 

•  Their  orientation  can  be  remotely  corrected  for  pitch 
and  yaw  misalignments  of  up  to  ±10  mrad. 

•  The  time  required  to  move  them  from  fully  in  to  fully 
out  should  be  no  longer  than  a  few  minutes. 

•  It  should  be  possible  to  reliably  disable  the  motion 
controls. 

•  All  sensitive  components  should  be  serviceable  with¬ 
out  major  disruptions  to  the  program. 


•  It  should  be  possible  to  completely  remove  them  from 
the  tunnel  even  after  many  months  of  beam. 

MARS  MODELING  AND  RESULTS 

The  system  parameters  were  thoroughly  optimized  via 
MARS  14  calculations.  Fragment  of  a  finalized  model  are 
shown  in  Fig.  2  and  3.  All  the  radiation  limits  and  design 
constraints  of  the  previous  section  were  taken  into  account. 


L 

Figure  2:  A  fragment  of  the  L6  integrated  system. 


L 

Figure  3:  A  cross-section  of  tunnel  at  L6B. 

Based  on  the  calculated  3D  energy  deposition  profiles  in 
the  L6A  and  L6B  collimator  jaws  and  shielding,  an  ansys 
thermal  and  stress  analysis  was  performed.  It  was  found 
that  no  cooling  is  needed  for  normal  operation  and  that  the 
maximum  steady-state  temperature  would  be  60  °(7.  It  was 
also  calculated  that  there  should  be  no  mechanical  prob¬ 
lems  caused  by  the  differential  thermal  expansion  of  the 
jaws  and  shielding.  In  an  accident  case  in  which  the  full  8- 
GeV  beam  is  lost  on  the  collimator,  the  jaw  will  withstand 
25  pulses  over  2.5  s. 
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Longitudinally,  the  peak  radiation  fields  were  found  to 
occur  at  the  upstream  end  of  the  L6B  collimator.  Fig.  4 
shows  a  vertical  profile  of  prompt  dose  from  8-GeV  beam 
scraping,  in  a  ±1  m  band  located  at  that  peak.  The  cumu¬ 
lative  maximum  dose  on  the  surface  after  13.5  feet  of  dirt 
is  0.0125  mSv/hr,  i.e.  four  times  below  the  limit.  Scraping 
at  the  injection  energy  of  0.4  GeV  gives  20%  of  this  value. 
Activation  of  water  in  the  sumps  is  caused  predominantly 
by  spallation  reactions  above  50  MeV  {stars),  A  horizon¬ 
tal  profile  of  star  density  from  a  8-GeV  beam  scraping,  in 
a  ±1.6  m  band  is  shown  in  Fig.  5.  The  cumulative  av¬ 
erage  star  density  immediately  outside  the  tunnel  walls  is 
1163  cm"^s~^,  i.e.  3.5  times  below  the  limit.  Scraping 
at  injection  gives  30%  of  this  value.  In  reality,  the  margin 
is  2  to  3  times  better  if  one  averages  over  the  gravel  fill 
surrounding  the  tunnel. 


Figure  4:  Prompt  dose  vertical  profile. 


Figure  5:  Star  density  horizontal  profile. 

Fig.  6  shows  a  2D  distribution  of  residual  dose  at  the 
upstream  end  of  the  L6B  collimator-shielding  for  8-GeV 
beam  scraping.  The  inner  parts  are  very  hot:  up  to  1  Sv/hr 
at  jaws.  Cumulative  dose  rate  on  the  shielding  outside 
ranges  from  0.3  to  1  mSv/hr.  Scraping  at  injection  gives 
15-25%  of  these  values.  The  maximum  contact  dose  on  the 
aisle  side  of  the  L6B  module  is  right  on  the  limit  (Fig.  7). 
The  maximum  dose  on  the  6-inch  bare  beam-pipes  right 
after  L6A  and  L6B  is  40  mSv/hr.  The  dose  on  the  outside 


of  the  correction  package  (CP)  immediately  upstream  of 
the  main  magnet  varies  azimuthally  from  5  to  40  mSv/hr, 
while  on  the  outside  of  the  first  main  magnet  -  from  2  to 
10  mSv/hr. 

Yearly  absorbed  dose  at  the  L6B  longitudinal  peak  is 
about  20  MGy/yr  (1  Gy  =  100  rad)  on  the  jaws,  40  kGy/yr 
on  shielding  outside  and  up  to  10  kGy/yr  at  walls,  ceiling 
and  floor.  The  maximum  absorbed  dose  in  the  CP  inner 
coils  varies  azimuthally  from  0.3  to  4  MGy/yr  that  can  re¬ 
duce  their  lifetime.  It  was  found  that  a  simple  30-cm  long 
steel  mask  (7.6  cm  ID,  30  cm  OD)  between  L6B  and  CP  re¬ 
duces  the  accumulated  and  residual  doses  by  up  to  a  factor 
of  four. 


Booster  U  collimators:  8  CeV  at  11 


Figure  6:  Contact  residual  dose  rate  at  L6B  after  30-day 
scraping  at  8  GeV  and  1-day  cooling. 


Figure  7:  Horizontal  profile  of  residual  dose  rate  at  L6B. 
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Abstract 

In  the  framework  of  the  ADS  projects  (Accelerator 
Driven  System)  developing  worldwide,  a  reliability 
activity  is  on  going  to  validate  and  qualify  the  linac 
accelerator  design  with  focus  on  the  general  operational 
and  design  characteristics  that  shape  the  accelerator 
performance.  Further  quantitative  results  should  be  based 
on  estimations  mostly  deriving  from  operational  surveys 
at  existing  accelerator  facilities.  Currently,  a  validated 
accelerator  component  reliability  data  base  has  not  yet 
been  assembled,  and  because  of  the  early  stage  of  the 
ADS  design  in  which  several  systems  are  not  established 
at  this  time  the  topic  can  be  addressed  by  the  application 
of  a  preliminary  FMEA  (Failure  Mode  and  Effect 
Analysis)  methodology,  helpful  in  the  identification  of 
reliability-critical  areas,  where  modifications  to  the  design 
can  help  to  reduce  the  probability  of  system  failures.  In 
this  paper,  the  preliminary  results  of  this  activity  are 
presented  together  with  possible  solutions  to  improve  the 
reliability  of  the  reference  linac  design. 

INTRODUCTION 

The  request  of  high  availability  linac,  to  be  coupled  to 
subcritical  reactor  for  waste  transmutation  and  energy 
production  [1,2,3],  puts  strong  demands  on  future 
accelerators.  Synchrotron  light  sources  lead  the  state  of 
the  art  in  accelerator  availability  reaching  availability  of 
more  than  99%  [4].  However,  the  request  of  few  beam 
trips  longer  than  few  seconds  per  year  of  continuous 
operation  requires  the  development  of  new  strategies  and 
procedures  for  the  design  of  accelerator.  This  paper  is 
mainly  devoted  to  assessment  of  the  basis  for  a  linac 
design  where  the  reliability  and  availability  (‘fault 
tolerance’)  are  the  driving  guidelines.  In  the  following 
section,  we  present  tools  available  for  reliability 
assessment  and  possible  design  approaches  to  implement 
reliability  in  linac  design,  with  special  care  to  ‘fault 
tolerance’  machine  design. 

Among  the  different  methodologies  for  reliability 
assessment,  we  found  that  FMEA  (Failure  Mode  and 
Effect  Analysis)  is  the  more  appropriate  in  early  stages  of 
accelerator  design  when  a  complete  and  detailed  scheme 
of  the  machine  is  not  available.  We  describe  the 
implementation  of  FMEA  to  a  possible  linac  design. 
Whenever  the  machine  layout  reaches  a  more  detailed 
description,  quantitative  approaches  -  based  on  a  formal 
mathematical  approach  to  reliability  -  are  available  and 


their  implementation  in  the  accelerator  design  is  the  scope 
of  our  future  work,  as  mentioned  in  the  last  section. 

RELIABILTY  TOOLS 
AND  DESIGN  APPROCHES 

The  design  of  a  new  system  driven  by  reliability  issue 
usually  follows  an  iterative  process.  From  an  initial 
technical  design,  one  evaluates  its  possible  failure  modes, 
discovers  critical  parts  and  may  draw  a  first  order 
estimation  on  the  reliability  of  the  system.  The  technical 
design  is  then  reviewed  trying  to  improve  the  weak  areas 
of  the  system.  This  procedure  continues  till  the  required 
reliability  and  availability  goals  are  reached. 

The  two  main  approaches  to  reliability  assessment 
follow  either  a  “top-down”  or  “bottom-up”  approach.  The 
former  is  the  basis  for  techniques  such  as  FTA  (Fault  Tree 
Analysis)  and  RBD  (Reliability  Block  Diagram)  where 
the  system  is  analyzed  starting  from  big  blocks  describing 
major  systems  and  then  going  down  to  the  details.  If, 
instead,  one  follows  the  system  from  the  details  up  in  the 
hierarchy  to  the  top  (“bottom-up”),  techniques  such 
FMEA  (Failure  Mode  and  Effect  Analysis)  or  FMECA 
(Failure  Mode  and  Effect  and  Criticality  Analysis)  may 
be  applied. 

The  “top-down”  approach  may  be  difficult  for  large  and 
complex  systems  where  the  knowledge  of  the  single 
component  reliability  or  the  logical  connections  between 
different  elements  of  the  system  may  be  not  precise 
enough  for  the  assessment  of  the  overall  system 
reliability.  This  approach  can  be  difficult  also  in  the  case 
of  systems  in  the  early  stage  of  the  design  when  a  detailed 
description  of  the  complete  system  is  still  missing. 

A  more  valuable  approach,  specifically  for  system  not 
fully  developed,  is  the  “bottom-up”  approach.  In  this  case, 
even  an  incomplete  description  of  the  system  can  be  used 
to  start  a  preliminary  analysis  of  the  system.  In  the  case  of 
FMEA,  its  aim  is  to  identify  all  the  possible  failure  modes 
of  components,  analyze  their  effects  on  the  system 
performance,  and  suggest  solutions  and  improvements,  fri 
the  analysis,  it  is  important  to  include  also  severity 
ranking  for  the  failures  and  possibly  their  frequency. 

The  design  of  a  reliable  accelerator,  besides  the  use  of 
reliability  tools,  can  benefit  also  from  some  general 
guidelines,  common  sense  and  experience  that  can 
valuably  drive  proper  design.  Among  many  of  them,  the 
most  effective  in  improving  reliability  and  availability  of 
the  system  are  part  derating  and  redundancy/spares. 
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Derating  consists  in  operating  a  component  with  a  load 
lower  than  the  maximum  rated  from  its  specifications. 
This  solution  allows  putting  less  stress  on  the  component 
-  generally  guaranteeing  a  longer  lifetime  and  hence  a 
higher  reliability. 

Redundancy  can  be  applied  to  key  elements  of  the 
system  that  may  induce  its  failure  and  it  consists  in  using 
several  identical  components  (in  hot/warm  parallelism, 
depending  on  the  failure  rate  of  the  standby  component) 
and/or  spares  components  (cold  parallelism)  to  improve 
the  reliability  of  that  particular  element. 

Although  this  approach  improves  the  system  reliability, 
it  increases  the  number  of  components  and  hence  the 
failure  rate,  requiring  a  more  complex  organization  of  the 
system  logistic. 

Finally  a  necessary  approach  in  designing  a  system  like 
a  linac  for  and  ADS  is  the  ‘fault  tolerance’.  By  this,  we 
mean  the  capability  of  the  system  to  perform  its  duty 
within  its  specifications  even  if  some  of  its  components 
are  defective  or  are  not  working  at  all. 

FAULT  TOLERANCE 

As  mentioned  previously,  ‘fault  tolerance’  is  the  key 
element  in  the  design  and  operation  of  a  linac  for  an  ADS. 
To  guarantee  the  availability  request  for  coupling  a  linac 
to  a  sub  critical  reactor,  the  beam  trips  have  to  be  about 
one  per  month  for  a  24  h  operation  in  a  period  of  at  least 
three  months  up  to  one  year  -  depending  on  the  core 
details  and  fuel  operation  procedures.  The  possible 
approaches  that  can  be  followed  to  reach  such  availability 
requirements  are:  demand  very  high  reliability  on  the 
single  components  or  design  the  system  to  be  fault 
tolerant.  In  the  first  case,  an  enormous  technological 
effort  is  required  to  improve  the  reliability  of  both  newly 
developed  systems  and  “commercial”  components.  For 
example,  the  Mean  Time  Between  Failure  (MTBF)  of  a 
klystron  is  about  50000  h  and  if  100  of  them  are  in  series, 
the  MTFB  of  the  system  is  500  h  (about  21  days).  After 
that  period,  the  faulty  klystron  has  to  be  changed  and  the 
linac  stopped  if  no  fault  tolerance  is  implemented, 

A  ‘fault  tolerance’  strategy,  instead,  relies  on 
redundancy  and  parallelism.  However,  these  are  not 
enough  to  guarantee  that  the  system  will  continue  to  work 
within  specifications  with  faulty  components.  Indeed  the 
system  has  to  detect  the  faulty  component,  isolate  it  and 
readjust  itself  to  provide  fault  tolerance. 

The  application  of  ‘fault  tolerance’  to  an  accelerator 
system  implies  also  a  strong  interaction  with  the  beam 
dynamics  studies.  The  failure  of  a  component  may  have 
different  consequences,  depending  on  the  component 
location  along  the  beam  line,  on  the  beam  parameters  on 
the  target  and  the  system  has  to  react  properly  to  deal  with 
it.  The  reaction  time,  it  is  worth  to  remember,  has  to  be 
less  then  1  second  to  prevent  thermal  stresses  on  the 
reactor  elements.  The  control  system  of  the  accelerator, 
and  the  Low  Level  RF  system  in  particular,  have  to  cope 
with  it  and  readjust  the  machine  in  order  to  guarantee  the 
beam  specifications  at  the  target.  This  is  only  possible  if  a 


complete  analysis  of  the  fault  scenarios  is  done  in 
advance,  the  impact  of  the  single  component  fault  has 
been  studied  regarding  beam  dynamics  effects  and 
improvements  on  the  control  system  allows  reacting  time 
faster  then  few  milliseconds.  In  other  words,  the  fault 
tolerance  capabilities  need  to  be  included  in  the  design  of 
a  new  generation  of  accelerator  control  systems. 

THE  LINAC  CASE 

The  application  of  the  aforementioned  strategies 
(FMEA  and  ‘fault  tolerance’)  to  a  linac  requires  the  setup 
of  a  reference  design.  For  the  ADS  case,  the  accepted 
scheme  foresees  a  Source,  a  Low  Energy  Section,  a 
Medium  Energy  Section  and  a  High  Energy  Section. 
Proper  beam  transport  lines  match  each  of  the 
accelerating  sections.  A  final  beam  delivery  system 
transports  the  beam  into  the  reactor  vessel. 

The  proton  source  is  one  of  the  most  critical  item  both 
for  its  complexity  and  because  its  failure  determines  the 
stop  of  the  beam.  The  same  considerations  hold  also  for 
the  Low  Energy  Section  where  a  Radio  Frequency 
Quadrupole  is  used.  In  this  first  part  of  the  linac  is  then 
difficult  to  implement  a  complete  ‘fault  tolerance’ 
scheme.  Nevertheless,  redundancy  and  derating  on  critical 
parts  of  the  system  are  necessary  to  increase  the  reliability 
of  this  critical  section. 

The  Medium  Energy  Section  accelerates  the  beam  up  to 
energies  about  100  MeV.  Also  in  this  case  different 
solutions  are  possible  even  if  with  a  larger  preference  for 
the  SC  (superconductive)  solution.  The  same  technology 
is  also  the  preferred  one  for  the  High  Energy  Section.  In 
fact,  many  advantages  characterize  SC  cavities  and 
among  them:  high  modularity,  independent  RF  feeding 
and  phasing  and  large  bore  radius.  These  features  allows  a 
natural  implementation  of  redundancy  (modularity),  a 
relaxation  of  constrains  on  alignment  and  beam  losses 
(large  bore  radius)  and  the  possibility  to  implement  ‘fault 
tolerance’  (independent  RF  feeding  and  phasing). 
Moreover,  the  operation  of  the  structures  at  cryogenic 
temperature  allows  a  very  stable  linac.  It  is  also  a  general 
rule  to  operate  the  cavities  at  lower  gradients  with  respect 
to  the  maximum  achievable,  in  order  to  reduce  the  stress 
on  the  cavity  operation  (part  derating). 

The  ‘fault  tolerance’  of  the  SC  sections  mainly  relies  on 
the  independent  feed  of  the  cavities.  The  failure  of  a 
single  cavity  can  be  detected  by  the  control  system  and  an 
automatic  procedure  can  readjust  the  neighboring 
elements  in  order  to  compensate  and  maintain  the  beam 
within  specifications  on  the  target.  This  procedure  implies 
knowledge  of  the  effect  of  each  single  component  failure 
on  the  beam  characteristic  on  target.  A  faulty  SC  cavity 
on  the  first  part  of  the  High  Energy  Section  has  a  different 
impact  on  the  beam  in  respect  of  a  faulty  cavity  at  the  end 
of  the  linac.  Beam  dynamic  studies  need  to  help  in 
defining  proper  procedures  to  implement  ‘fault  tolerance’ 
during  acceleration  operation.  Moreover,  the  machine 
control  system  and  the  LLRF  system  have  to  react  in  very 
short  time  to  keep  the  machine  running. 
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The  reliability  of  the  beam  delivery  system  and  beam 
transport  lines  for  such  a  machine  will  be  dominated  by 
magnets  and  their  power  supplies.  Redundancy  and  fault 
tolerance  in  the  vacuum  system  and  diagnostics  can  be 
planned  in  advance.  The  extensive  experience  at  existing 
facilities  shows  that  magnets  usually  fail  due  to  water 
cooling  failures  (in  pipes  or  connections),  to  cooling 
channel  clogging  or  to  power  supply  failures.  Preventive 
maintenance  and  replacement  operations  may  contribute 
to  solve  the  majority  of  these  issues. 

FAILURE  MODE 
AND  EFFECT  ANALYSIS 

The  FMEA  analysis  provides  useful  information 
already  in  the  early  stage  of  the  design  and  even  in  a 
qualitative  approach. 

In  order  to  perform  such  an  analysis,  the  key  systems 
and  components  of  the  accelerator  need  to  be  identified. 
Once  they  are  known,  a  list  of  all  potential  failure  modes, 
corresponding  failure  frequency  and  analysis  of  their 
effects  must  be  compiled.  On  the  basis  of  critical 
components  found  in  the  previous  analysis,  the  design  of 
the  accelerator  has  to  be  reviewed. 

The  four  main  systems  for  the  accelerator  of  an  ADS 
are:  the  hardware  components  of  the  accelerator  (cavities, 
magnets,  vacuum  connections,  etc.),  the  cryogenic 
production  and  distribution  plant,  the  auxiliary 
infrastructures  (water,  compressed  air,  electrical  power) 
and  the  control  system.  The  vacuum  and  the  RF  systems, 
due  to  the  modularity  of  the  SC  solution,  are  included  in 
the  accelerator  hardware  and  are  not  considered  as 
distinct  systems. 

Following  well-known  standards,  a  WBS  (Work 
Breakdown  Structure)  hierarchical  structure  is  needed  to 
classify  all  the  components  of  each  system,  and  based  on 
it  the  possible  failure  modes  and  the  detection  means  are 
identified.  For  each  failure  mode,  the  effects  on  the  faulty 
system,  on  the  system  upper  in  hierarchy  and  on  the  beam 
properties,  which  are  our  main  concern,  are  highlighted. 
The  effects,  at  each  level  of  this  analysis,  are  ranked 
based  on  their  severity.  Once  the  effects  of  the  failures  are 
known,  possible  corrective  or  preventive  actions  are 
suggested  and  they  should  be  implemented  in  the 
reviewed  version  of  the  accelerator  design. 

The  FMEA  analysis  can  also  be  used  as  a  guideline  for 
addressing  the  task  of  preventing  undesirable  failure 
modes  in  a  more  specific  technical  and  detailed  analysis 
of  the  components. 

At  present,  activities  are  ongoing  in  order  to  develop  a 
complete  FMEA  analysis  for  the  reference  design  of  the 
accelerator  designed  for  the  PDS-XADS  program  of  the 
European  Community  [5]. 

FUTURE  WORK 

The  present  limitations  for  a  complete  and  quantitative 
reliability  assessment  of  linacs  for  ADS  are  the  lack  of  a 
detailed  accelerator  configuration  and  the  uncertainty  in 
the  available  reliability  data  (MTTR,  MTBF,  etc.). 


The  absence  of  a  formal  reliability  database  for 
accelerator  components  makes  difficult  to  perform  a 
mathematical  treatment  of  the  reliability  problem  for  the 
accelerator.  Even  if  many  laboratories  have  own  large 
datasets  of  failure  modes  both  at  the  system  and  at  the 
component  level,  there  is  no  common  way  to  store  and 
analyze  them,  and  the  effort  to  unify  these  databases  (in 
terms  of  manpower  and  resources)  is  so  large  to  hinder 
the  benefit  of  such  an  action.  Hence  “expert”  judgment 
is  the  only  way,  at  the  moment,  to  state  reliability  figures 
for  accelerator  components.  The  situation  is  different  for 
“commercial”  products  where  data  are  available;  however 
the  application  to  the  accelerator  case  requires  careful 
consideration  on  the  different  operative  conditions. 

Concerning  the  detailed  description  of  a  reference  linac 
design,  studies  are  still  on  going  worldwide  and  decisions 
have  still  to  be  taken  mainly  concerning  the  initial  part  of 
the  linac  where  different  solutions  and  technologies  are 
currently  under  consideration. 

Once  this  information  will  be  available,  a  first 
quantitative  reliability  assessment  of  the  accelerator 
system  will  be  possible. 

CONCLUSION 

The  reliability  and  availability  request  for  the  future 
accelerator  to  be  coupled  to  subcritical  reactors  leads  to  a 
new  philosophy  in  approaching  linac  design.  Few  trips 
longer  than  one  second  during  a  period  of  operation  of  at 
least  some  months  can  be  achieved  only  if  redundancy 
and  ‘fault  tolerance’  capabilities  are  included  in  the 
design  and  operation  of  the  machine.  A  valuable  tool 
during  the  early  design  stages  of  the  linac  to  assess  the 
reliability  is  the  FMEA  that  provides  useful  information 
even  if  applied  on  qualitative  basis  and  on  a  not  fully 
developed  scheme  of  the  accelerator. 

For  a  quantitative  reliability  analysis  of  an  accelerator, 
a  common  database  for  accelerator  components  is  still 
missing.  An  effort  to  coherently  integrate  the  dataset 
present  in  all  the  major  labs  on  failure  causes  is  advisable. 

The  methodology  developed  for  ADS  accelerator  can 
be  customized  to  deal  with  different  requests  such  as 
future  linear  colliders  [6]  or  linac  for  future  light  sources 
machines  [7]. 
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Abstract 

The  construction  of  the  initial  part  of  the  J-PARC  linac 
has  been  started  at  KEK  for  beam  tests  before  moving  to 
the  JAERI  Tokai  campus,  where  J-PARC  facility  is  finally 
to  be  constructed.  The  RFQ  and  MEET  (Medium  Energy 
Beam  Transport)  has  already  been  installed  at  KEK,  and 
the  beam  test  has  been  performed  successfully.  In  this  pa¬ 
per,  the  experimental  results  of  the  beam  tests  are  presented 
together  with  simulation  results  with  a  3D  PIC  (Particle-In- 
Cell)  code. 

INTRODUCTION 

The  J-PARC  (Japan  Proton  Accelerator  Research  Com¬ 
plex)  accelerator  consists  of  a  400-MeV  linac,  a  3-GeV 
RCS  (Rapid  Cycling  Synchrotron),  and  a  50-GeV  syn¬ 
chrotron  [1,2].  The  linac  is  comprised  of  a  50-keV  neg¬ 
ative  hydrogen  ion  source,  a  3-MeV  RFQ,  a  50-MeV  DTL, 
a  190-MeV  SDTL  (Separate-type  DTL),  and  a  400-MeV 
ACS  (Annular  Coupled  Structure  linac).  The  construction 
of  the  initial  part  of  the  J-PARC  linac  has  been  started  at 
KEK  to  develop  and  establish  the  linac  system  before  mov¬ 
ing  to  the  JAERI  Tokai  campus,  where  the  J-PARC  facility 
is  finally  to  be  constructed.  The  324-MHz  RFQ  and  the 
MEET  (Medium  Energy  Beam  Transport)  has  already  been 
installed  at  KEK,  and  the  beam  test  has  been  performed 
successfully  from  April  to  July  2002,  and  January  to  Febru¬ 
ary  2003.  Between  these  two  series  of  experiments,  slight 
modification  of  the  LEBT  (Low  Energy  Beam  Transport) 
was  performed  to  install  a  pre-chopper  cavity.  These  beam 
tests  aim  to  verify  the  performance  of  key  components  of 
the  MEET.  The  MEET  has  two  main  roles,  namely,  to 
perform  transverse  and  longitudinal  matching  to  the  suc¬ 
ceeding  324-MHz  DTL,  and  to  chop  beams  with  the  same 
frequency  with  the  RCS  injection  cycle  in  order  to  mini¬ 
mize  the  beam  loss  at  the  injection.  The  schematic  layout 
of  the  MEET  is  shown  in  Fig.  1(a).  The  MEET  includes 
eight  quadrupole  magnets  (Q1  to  Q8)  for  transverse  match¬ 
ing,  two  324-MHz  buncher  cavities  for  longitudinal  match¬ 
ing,  two  rf  deflection  cavities  (RFD’s)  and  a  scraper  for 
beam  chopping,  and  various  beam  diagnostic  instrumenta¬ 


tion  for  beam  diagnosis.  We  also  have  five  two-plane  steer¬ 
ing  magnets  for  beam  steering.  Although  various  develop¬ 
ments  have  been  performed  in  the  experiments,  we  focus  on 
the  emittance  measurement  results  and  its  comparison  with 
particle  simulations  in  this  paper.  As  for  the  rf  chopper  per¬ 
formance  which  is  another  key  issue  on  the  beam  test,  we 
present  experimental  results  in  a  separate  paper  [3]. 

EXPERIMENTAL  SETUP 

In  the  beam  test,  a  TED  (Temporal  Beam  Diagnostic  sys¬ 
tem)  is  placed  at  the  exit  of  the  MEET,  which  will  be  re¬ 
moved  when  installing  the  DTL.  The  TED  includes  a  trans¬ 
verse  emittance  monitor  and  a  Faraday  cup.  The  emittance 
monitor  is  double-slit  type,  and  its  first  slit  is  located  534 
mm  downstream  from  the  exit  of  the  MEET.  The  slit  width 
and  slit  interval  of  the  emittance  monitor  are  0.1  mm  and 
205  mm,  respectively. 

In  the  actual  operation,  the  beam  should  be  strongly  fo¬ 
cused  at  the  exit  of  the  MEET  to  satisfy  the  matching  con¬ 
dition  to  the  DTL.  However,  the  strengths  of  the  last  two 
quadrupoles  are  weakened  in  the  experiment  to  enable  the 
emittance  measurement  at  the  downstream  beam  diagnos¬ 
tic  system.  Figure  1  (b)  shows  a  beam  profile  for  a  typical 
quadrupole  setting  which  satisfies  the  matching  condition 
to  the  DTL,  and  Fig.  1  (c)  shows  a  typical  beam  profile  for 
the  experiment,  in  which  only  the  last  two  quadrupoles  are 
weakened.  In  Fig.  1  (c),  the  downstream  end  of  the  plot  cor¬ 
responds  to  the  first  slit  position  of  the  emittance  monitor  in 
the  TED.  The  quadrupole  and  buncher  setting  in  Fig.l  (c) 
corresponds  to  those  in  Measurement  I  in  the  next  section. 

The  transmission  ratio  through  the  MEET  is  measured 
with  three  CT’s  (Current  Transformers),  which  are  located 
after  Ql  (CTl),  at  the  exit  of  the  RFD  cavities  (CT2),  and 
after  Q7  (CT3).  We  also  have  three  FCT’s  (Fast  Current 
Transformers),  eight  BPM’s  (Beam  Position  Monitors), 
and  four  WS’s  (Wire  Scanners)  for  beam  tuning.  Each  WS 
has  horizontal,  vertical  and  oblique  (45  deg)  carbon  wires 
with  the  diameter  of  Ijxm.  As  for  the  detailed  layout  and 
specifications  for  beam  monitors,  refer  to  the  reference  [2]. 

We  use  a  LaB6  filament  for  the  ion  source  in  the  exper¬ 
iments.  The  peak  current  reaches  33  mA  at  the  exit  of  the 
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Figure  1 :  MEET  layout  and  typical  beam  profile  along  the 
MEET,  (a)  Schematic  layout  of  the  MEET,  (b)  Eeam  pro¬ 
file  along  the  MEET  for  a  matched  case,  (c)  A  typical  beam 
profile  along  the  MEET  in  the  experiment. 


TED.  Measurement  I  was  obtained  in  the  beam  test  of  Jan¬ 
uary  to  February  2003,  and  measurement  II  was  obtained 
in  that  of  April  to  July  2002.  Measurement  III  shows  the 
emittance  at  the  exit  of  the  RFQ,  which  was  measured  set¬ 
ting  up  the  same  TED  after  the  RFQ  before  installing  the 
MEET.  As  the  development  of  the  ion  source  has  been  un¬ 
derway  in  parallel  with  the  beam  test,  the  maximum  avail¬ 
able  beam  current  was  limited  to  10  mA  when  Measure¬ 
ment  III  was  performed.  The  peak  current  listed  in  Table  1 
is  measured  with  CTl.  Although  a  certain  amount  of  emit¬ 
tance  growth  has  been  observed  in  increasing  the  beam  cur¬ 
rent,  the  obtained  normalized  rms  emittance,  which  is  0.21 
to  0.25  TTinm-mrad,  is  tolerable  according  to  LINSAC  end- 
to-end  simulations^].  LINSAC  is  a  3D  particle-particle 
code  developed  at  KEK[4]. 


Table  1:  Measured  normalized  rms  emittance 


Measurement 

I 

n 

m 

Location 

MEET 

MEET 

RFQ 

Peak  curr,  (mA) 

28.7 

24.6 

10.0 

Hor.  (7rmm*mrad) 

0.252 

0.227 

0.173 

Ver.  (Trmm-mrad) 

0.214 

0.220 

0.194 

Table  2  shows  the  measured  peak  current  in  Measure¬ 
ment  I  and  II.  The  transmission  ratio,  which  is  defined  as 
the  ratio  of  CT3’s  readout  to  CTl ’s,  reaches  99.3  %  in  Mea¬ 
surement  I  without  using  steering  magnets.  In  Measure¬ 
ment  II,  the  transmission  ratio  is  limited  to  96.3  %  while 
we  use  the  first  steering  magnet,  which  is  built  in  Ql,  to 
improve  the  transmission  ratio.  Table  2  indicates  that  slight 
modification  of  the  LEET  have  some  effect  on  the  trans¬ 
mission  ratio  through  the  MEET. 


ion  source,  and  29  mA  at  the  exit  of  the  RFQ  without  using 
cesium  seed,  which  nearly  satisfies  the  design  output  beam 
current  for  the  RFQ  of  30  mA.  We  also  use  a  lower  beam 
current  of  5  mA  for  specific  beam  studies.  The  duty  factor 
has  also  been  changed  from  0.025  %  to  0.25  %  depend¬ 
ing  on  the  purpose  of  the  experiment.  We  have  changed  the 
repetition  rate  from  5  Hz  to  25  Hz,  and  the  pulse  width  form 
50  fiSQC  to  100  /isec.  The  design  duty  factor  for  the  first 
phase  of  the  project  is  1.25  %  with  the  repetition  rate  of  25 
Hz  and  the  pulse  width  of  500  /isec.  In  the  emittance  mea¬ 
surement  we  describe  in  the  next  section,  we  usually  use 
the  repetition  rate  of  12.5  Hz  or  25  Hz  in  order  to  shorten 
the  measurement  time,  which  is  typically  about  15  min  for 
one  plane. 

EXPERIMENTAL  RESULTS 

The  measured  normalized  rms  emittances  are  summa¬ 
rized  in  Table  1.  Measurement  I  and  II  in  Table  1  show 
the  emittance  at  the  exit  of  the  MEET  measured  with  the 


Table  2:  Transmission  ratio  of  the  MEET 


Measurement 

CTl 

CT2 

CT3 

I 

28.7  mA 

28.5  mA 

28.5  mA 

II 

24.6  mA 

23.9  mA 

23.7  mA 

Figure  2  shows  the  phase-space  distribution  obtained  in 
Measurement  I.  In  Fig.2,  x  and  y  denote  the  horizontal  and 
the  vertical  positions,  and  s  is  the  path  length  of  the  design 
particle.  Measured  phase-space  density  is  represented  by 
100k  dots  (particles)  in  Fig.2. 

Eecause  the  emittance  monitor  in  the  TED  will  be  re¬ 
moved  when  installing  the  DTL,  WS’s  play  an  important 
role  in  actual  beam  tuning.  Figure  3  shows  a  typical  beam 
profile  measured  with  WS3,  which  is  located  81  mm  up¬ 
stream  from  Q4.  In  the  measurement,  quadrupole  setting 
is  the  same  with  Measurement  I,  while  the  bunchers  are 
turned  off.  The  pulse  width  is  shortened  to  50/isec  to  re¬ 
duce  the  heat  load  of  the  carbon  wire.  The  measurement 
was  done  with  the  repetition  rate  of  5  Hz. 
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Figure  2:  Phase-space  distribution  measured  with  the  emit- 
tance  monitor  in  Measurement  L  (a)  Horizontal  phase- 
plane.  (b)  Vertical  phase-plane. 


Figure  4:  Phase-space  distribution  at  the  emittance  monitor 
obtained  with  an  IMPACT  simulation  for  Measurement  I. 
(a)  Horizontal  phase-plane,  (b)  Vertical  phase-plane. 


Vertical  position  (mm) 


Figure  3:  Beam  profile  measured  with  WS3  located  before 
Q4.  The  quadrupole  setting  is  the  same  with  Measurement 
I,  while  the  bunchers  are  turned  off.  (a)  Horizontal  beam 
profile,  (b)  Vertical  beam  profile.  The  beam  profile  ob¬ 
tained  in  an  IMPACT  simulation  is  also  shown. 

COMPARISON  WITH  SIMULATION 

As  a  preliminary  test  on  the  agreement  between  ex¬ 
periments  and  simulations,  we  have  performed  3D  PIC 
(Particle-In-Cell)  simulations  with  IMPACT  [5]  assuming 
a  6D  Gaussian  distribution  at  the  exit  of  the  RFQ.  In  the 
simulations,  we  assume  transverse  Twiss  parameters  at  the 
exit  of  the  RFQ  which  was  obtained  with  Measurement 
III,  and  the  initial  transverse  emittances  are  adjusted  to  re¬ 
produce  measured  ones  at  the  TBD  after  the  MEBT.  We 
also  assume  initial  longitudinal  parameters  obtained  with 
PARMTEQm[6]  simulations  for  the  RFQ.  Figure  4  shows 
obtained  phase-space  distribution  at  the  emittance  monitor 
after  the  TBD,  in  which  we  consider  the  same  lattice  set¬ 
ting  and  beam  conditions  with  Measurement  I.  In  the  simu¬ 
lation,  IM  simulation  particles  and  64  x  64  x  64  meshes  are 
employed,  and  the  integration  step  width  is  set  to  ^A/10. 
The  assumed  initial  normalized  rms  emittances  are  0.234 
7rmm-mrad,  0.193  7rmm-mrad,  and  0.0822  7rMeV-deg  in 
the  horizontal,  vertical,  and  longitudinal  directions,  respec¬ 
tively.  In  Fig.4, 100k  particles  out  of  IM  particles  are  dis¬ 
played.  Comparing  Fig.4  with  Fig.2,  it  is  seen  that  the 
qualitative  agreement  between  the  simulation  and  the  ex¬ 
periment  is  reasonable,  while  the  shape  of  the  tail  portion 


is  slightly  different.  In  Fig.3,  we  show  the  beam  profile 
obtained  in  a  similar  IMPACT  simulation.  While  the  simu¬ 
lated  rms  beam  width  is  slightly  wider  in  the  horizontal  di¬ 
rection,  the  agreement  in  the  vertical  direction  is  excellent. 
These  agreements  indicate  that  the  tail  portion  is  already 
developed  to  some  extent  at  the  exit  of  the  RFQ.  Efforts 
to  obtain  more  realistic  initial  distribution  at  the  exit  of  the 
RFQ  is  now  underway,  with  which  the  agreement  between 
experiments  and  simulations  is  expected  to  be  improved. 

SUMMARY 

The  beam  tests  of  the  RFQ  and  the  MEBT  for  the  J- 
PARC  have  been  successfully  performed  at  KEK.  The  peak 
current  of  29  mA  is  achieved  at  the  exit  of  the  RFQ  without 
using  cesium  seed.  The  measured  normalized  rms  emit¬ 
tances  are  0.252  Trmm-mrad  and  0.214  7rmm-mrad  in  the 
horizontal  and  the  vertical  directions,  which  is  tolerable  ac¬ 
cording  to  LINSAC  end-to-end  simulations.  Preliminary 
simulation  studies  are  performed  with  a  3D  PIC  code,  IM¬ 
PACT,  and  the  agreement  between  experimental  and  simu¬ 
lation  results  is  found  reasonable. 
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Abstract 

The  J-PARC  Project  3-GeV  proton  synchrotron  is 
designed  to  accelerate  8.3x10^^  protons  per  pulse  at  a 
25Hz  repetition  rate  for, the  injection  energy  of  400MeV. 
The  incoming  beam  emittance  of  the  400-MeV  linac  is  4 
71  mm  mrad  and  the  acceptance  in  the  3-GeV  synchrotron 
is  32471  mm  mrad  in  both  the  horizontal  and  vertical 
planes.  Painting  injection  system  is  designed  to  fit  in  the 
FODO  structure,  which  has  rather  short  drift  space.  The 
bump  orbit  for  painting  injection  is  designed  to  have  a  full 
acceptance  of  the  circulating  orbit  through  the  injection 
period.  A  full-acceptance  bump  orbit  will  enable  both 
correlated  and  anti-correlated  painting  injection. 

INTRODUCTION 

The  J-PARC  Project  accelerator  complex  comprises  a 
50-GeV  main  synchrotron,  a  3-GeV  rapid-cycling 
synchrotron,  and  a  180-MeV  linac,  which  is  to  be 
upgraded  to  400-MeV  in  the  second  stage.  The 
accelerators  provide  high-intensity,  high-energy  proton 
beams  for  various  scientific  fields.  The  3-GeV 
synchrotron  is  designed  to  accelerate  8.3x10^^  protons  per 
pulse  at  a  25  Hz  repetition  rate  in  the  second  stage  of 400- 
MeV  injection.  The  hardware  of  the  3-GeV  ring  is 
designed  to  accept  400-MeV  injection  beams. 

The  3-GeV  rapid  cycling  synchrotron  (RCS)  has  a 
three-fold  symmetric  lattice.  Each  super-period  consists 
of  9DOFO  modules,  which  are  assigned  to  two  3DOFO 
modules  with  a  missing  bend  and  3DOFO  modules  in 
insertion  straights.  These  insertion  straights  are  designed 
to  be  dispersion  free.  The  FODO  structure  requires 
modest  quadrupole  gradients,  and  the  alternating 
transverse  beam  amplitude  easily  accommodates 
correction  systems,  but  lacks  a  long  uninterrupted  drift 
space  for  flexible  injection. 


The  injection  system  for  the  J-PARC  3-GeV  Proton 
Synchrotron  is  designed  to  be  constructed  in  the  FODO 
structure,  which  has  rather  short  drift  space.  The  injection 
and  collimator  system  will  be  in  the  same  straight  section. 
The  H’  injection  system  uses  the  first  whole  cell  and  a 
quarter  of  the  second  cell.  The  collimator  system  is  the 
latter  three  quarters  of  the  second  cell  and  the  third  cell. 
However,  the  system  is  designed  to  have  a  full  acceptance 
for  the  injection  bump  orbit  and  to  allow  independent 
lattice  tuning  to  obtain  a  high-intensity  beam  and  low-loss 
operation. 

An  outline  of  the  injection  system  has  already  been 
reported  [1].  In  this  paper  we  mainly  describe  the 
challenging  issues  about  the  H"  injection  line,  disposal 
lines  for  un-stripped  H°&  H’  ions  and  the  structure  of  the 
bump  magnets  system. 

PARAMETERS  FOR  PAINTING 
INJECTION 

The  machine  acceptance  of  the  linac  and  its  transport 
line  are  designed  to  have  3071  mm  mrad,  and  that  of  3- 
GeV  synchrotron  has  48671  mm  mrad.  The  acceptable 
momentum  dispersion  (Ap/p)  in  the  transport  line  and  3- 
GeV  ring  are  ±0.3%  and  ±0.1%,  respectively. 

In  the  beam-transport  line  fi-om  the  ISOMeV  Linac  to 
the  3-GeV  RCS  (L3BT);  the  transverse  emittance  of  the 
H"  beam  is  collimated  to  An  mm  mrad.  In  the  momentum 
direction,  Ap/p  is  ±0.1%. 

In  the  case  of  400  MeV  injection,  the  painting 
emittance  in  the  ring  is  21671  mm  mrad  for  the  3-GeV 
facilities,  and  14471  mm  mrad  for  50-GeV  ring  injection. 
The  horizontal  painting  area  is  controlled  by  pulse 
steering  magnets  located  in  the  injection  line  and  bump 
magnets  in  the  ring  by  changing  the  excitation  level  in  a 
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pulse-to-pulse  mode.  The  vertical  painting  area  can  be 
controlled  by  changing  the  excitation  level  of  vertical 
steering  magnets  in  the  injection  line. 

The  collimator  acceptance  in  the  3-GeV  ring  is  3247c 
mm  mrad  and  the  whole  ring  will  have  4867c  mm  mrad 
needed  for  the  scattered  beam  by  the  first  collimator  to  be 
caught  subsequently  by  the  down-stream  collimator.  The 
ring  will  be  filled  with  308  turn  H"  foil-stripping  charge- 
exchange  injection.  The  SOOps  pulses  from  the  Linac 
containing  8.3  x  10^^  protons  will  be  injected  to  two- 
bunch  RF  buckets  in  the  ring. 

DESIGN  OF  THE  MAGNETIC  FIELD 

The  magnetic  field  must  be  carefully  chosen  so  as  to 
prevent  the  Lorentz  stripping  of  H‘  and  to  minimize  the 
stripping  of  excited  H°. 

In  the  upstream  of  the  stripping  foil,  the  H"  beam  will 
pass  through  septum  magnets,  quadrupole  magnet  and 
closed  orbit  bump  magnets.  The  maximum  magnetic  field 
is  estimated  to  be  0.55  T  for  400-MeV  H'  beams.  The 
beam  loss  rate  is  less  than  10"^  for  the  above  magnets. 
Because  the  injection  beam  power  is  133  kW,  and  its 
losses  by  Lorentz  stripping  is  less  than  1.3  W, 

After  the  H'  beam  passes  through  charge-exchange  foil 
made  of  290pg/cm^  thick  carbon,  a  beam  of  0.4  kW  is 
produced.  W^en  a  IMW  output  is  attained,  it  becomes 
very  important  to  control  the  loss  of  the  excited  H®  [2].  In 
the  case  that  the  magnetic  field  of  the  bump  magnet  is  set 
to  be  about  0.2  T.  The  excited  with  a  principal 
quantum  number  of  n  >  6  becomes  the  uncontrolled  beam 
loss.  Because  of  the  yield  of  n  >  6  is  0.0136  and  the  total 

beam  power  is  0.4  kW,  the  maximum  uncontrolled 
beam  loss  is  about  6  W.  On  the  other  hand,  the  excited 
under  the  condition  of  n  >  5  reaches  second  foil  without 
decay  to  and  is  led  to  the  beam  dump. 

The  magnetic  field  at  the  foil  position  is  designed  to  be 
less  than  the  value  at  which  the  bending  radius  of  the 
stripped  electrons  is  larger  than  100mm,  which  enables  a 
electron  catcher  to  be  settled  outside  of  the  foil.  The  foil 
position  is  at  a  distance  of  350  mm  from  the  end  of  the 
bump  magnet  SB-III.  The  trajectory  of  stripped  electrons 
at  the  foil  is  traced  by  solving  3D  differential  equations 
with  the  Runge  Kutta  method  [3].  The  bending  radius  is 
estimated  to  be  about  120  mm  in  the  given  magnetic  field 
distribution. 

CONSTRUCTION  OF  THE  INJECTION 
SYSTEM  IN  THE  FODO  STRUCTURE 

An  outline  of  the  injection  system  is  shown  in  Fig.l. 
The  injection  system  in  the  horizontal  plane  is  composed 
of  four  main  orbit  bump  magnets  named  “SB”  to  merge 
the  injection  beam  with  the  circulating  beam,  and  four 
other  orbit  shift  bump  magnets  named  “PB”  for  painting 
injection.  The  “SB”  have  a  split-type  structure  to  insert 
the  second  foil  for  stripping.  Also  the  vertical  painting 
is  performed  by  vertical  steering  magnets  in  the  injection 
beam  line. 


The  incoming  beams  are  injected  at  the  entrance 
of  ”SB-I”  to  obtain  a  full  acceptance  for  the  injection 
bump  orbit.  The  injection  angle  of  the  incoming  beams 
with  the  circulating  beam  orbit  is  expanded  by  the 
magnetic  field  of  the  upper-stream  F  quadrupole.  The 
angle  of  the  disposal  beam  line  of  un-stripped  and  H‘ 
are  also  expanded  by  a  downstream  D  quadrupole  magnet. 

The  field  of  the  quadrupole  magnets  may  be  changed  to 
meet  varieties  of  operating  point  of  the  ring,  the  injection 
angles  and  positions  at  the  quadrupole  magnet  are 
adjustable  by  steering  magnets  at  the  up-stream  points  of 
the  injection  line. 

Horizontal  painting  injection  is  performed  by  an  orbit 
shift  in  horizontal  plane.  Two  additional  sets  of  bump 
magnet  pairs  for  the  horizontal  painting,  named  “PB-I, 
PB-IF’and  “PB-III,  PB-IV”,  are  located  in  the  up-stream 
of  the  F  quadrupole  magnet  and  downstream  of  the  D 
quadrupole  magnet  respectively. 

For  vertical  painting,  two  small  vertical  steering 
magnets,  which  are  not  shown  in  Fig.l  are  placed  in  the 
transport  line  at  a  betatron  phase  of  ti:  up-stream  of  the 
stripping  foil  to  vary  the  injection  angle  and  position. 
Painting  injection  in  the  vertical  phase  plane  is  performed 
by  sweeping  the  injection  angle.  The  phase  difference  will 
be  compensated  by  those  two  vertical  steering  magnets. 

Both  correlated  and  anti-correlated  painting  injections 
are  available  by  changing  the  excitation  pattern  of  the 
vertical  painting  magnet 

DESIGN  OF  THE  ITINJECTION  LINE 
AND  ff,  H®  DISPOSAL  LINES 

As  can  be  seen  in  the  Fig.l,  injection  area  is  so 
congested  that  any  other  focusing  magnets  can  not  be 
inserted  in  the  injection  area  which  has  a  length  of  20  m. 
Furthermore,  the  beam  needs  to  be  injected  vertically  off- 
center  for  vertical  painting.  The  comer  of  the  F  and  D 
quadrupole  magnets  are  thus  required  to  have  additional 
aperture  for  the  injection/disposal  beam  lines  • 


Fig.2  Beam  envelope  of  the  injection/disposal  beam  line 
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Fig.3  Cross  sectional  view  of  the  F  and  D  quadrupole 


The  beam  optics  of  beam  transport  line  from  the  Linac 
to  RCS  is  designed  to  be  insensitive  to  space  charge  effect. 
Space-charge  effects  have  been  analyzed  by  simulation  on 
this  optical  design.  The  results  estimate  that  the  space 
charge  effect  is  not  much  of  a  problem  under  the  designed 
bunch  lengthes  of 400  MeV  and  1 80  MeV  injection. 
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Fig.4  A  cross-sectional  view  of  the  bump  magnet 

and  the  dovm-stream  part  kicks  the  ions  converted 
from 

H'  beams,  which  are  estimated  to  be  3x10^  %  of  the 
incoming  beams,  are  also  converted  to  by  another 
second  foil,”B”,  set  at  the  entrance  of  the  D  quadrupole 
magnet, ”ODK”. 


APERTURE  REQUIREMENT 

The  vertical  aperture  at  the  horizontal  edge  of  the  up¬ 
stream  F  quadrupole  must  satisfy  the  aperture  for  the 
vertical  betatron  oscillation  amplitude  by  vertical 
painting.  The  down-stream  D  quadmpole  is  in  the  same 
situation  concerning  the  disposal  lines  for  un-stripped  H', 
H  beams.  A  cross  sectional  view  of  the  F  and  D 
quadrupole  and  its  beam  position  is  shown  in  Fig.3. 

These  ring  lattice  quadrupoles  at  the  injection  region 
must  have  a  large  bore  radius  of  205  mm.  The  same  large 
bore  radiusis  is  also  required  from  the  extraction  region  in 
another  super-period  of  the  threefold  symmetric  lattice, 
where  the  kicked  beams  for  extraction  pass  through  the 
horizontal  edge  of  the  D  quadrupole. 

The  mirror  symmetrical  structure  of  the  super  period 
requires  the  same  large-bore  radius  as  the  12  quadrupoles 
in  the  whole  ring. 

SEPARATION  OF  THE  H®,  IT  AND 

In  the  FODO  structure,  the  beam  envelope  at  the  down¬ 
stream  of  F  quadrupole,  tilts  down-stream  so  that  the 
injection  beam  line  for  horizontal  painting  must  be  tilted 
accordingly.  The  separation  angle  of  the  beams  and 
circulating  beam  envelope  become  tighter  than  a  case 
of  a  parallel  envelope  of  the  two  pairs  of  quadrupole 
doublets  where  a  =  0. 

The  separation  of  the  H°,  H"  beams  and  circulating 
beam  envelope  is  one  of  the  challenging  issues  to  design 
the  hardware  of  the  injection  system.  To  solve  this 
problem  the  split-type  bump  magnet  has  been 
investigated. 

The  }f  beams,  which  are  estimated  to  be  0.3%  of  the 
incoming  beams,  must  be  converted  to  iT  by  a  second 
foil  to  divert  to  the  beam  dump.  As  shown  in  Fig.l,  the 
second  foil  “A”  is  inserted  in  the  middle  of  the  fourth 
bump  magnet,  “SB-IV“,  by  a  split  at  the  center  of  the 
core.  The  up-stream  part  of  the  split  core  is  used  to  obtain 
the  sufficient  clearance  of  the  if  and  Vf  beam  separation 


THE  MAIN  BUMP  MAGNETS 

Four  dipole  bump  magnets  named  (SB-I-SB-IV),  are 
identical  in  construction  and  are  powered  in  series  to  give 
a  symmetrical  beam  bump  within  the  straight  in  an 
uninterrupted  drift  space  between  the  focusing  magnet 
and  the  defocusing  one. 

A  cross-sectional  view  of  the  bump  magnet  is  shown  in 
Fig.4.  The  dipoles  are  out  of  the  vacuum  and  a  ceramic 
vacuum  chamber  is  included  in  the  magnet  gap.  The 
structure  of  the  magnet  is  composed  of  two-tum  coils  and 
window  frame  core  made  by  laminated  silicon  steel  cores 
of  which  the  thickness  is  0. 1  mm.  The  electrical  insulation 
of  the  coil  is  achieved  by  air  gap  and  a  ceramic  insulator. 

The  waveform  of  the  magnetic  field  is  trapezoid.  A  fall 
time  of  100  ps  is  decided  by  the  hitting  probability  of 
proton  beams  on  the  stripping  foil  and  the  temperature  of 
the  foil  heated  by  the  beam  hit.  The  maximum 
temperature  of  the  foil  is  estimated  to  be  1500®C  at  the  tip 
of  the  foil. 

The  excitation  current  is  supplied  in  the  middle  of  the 
core  through  the  split  to  form  a  symmetrical  distribution 
of  magnetic  field  along  the  longitudinal  direction. 

SUMMARY 

The  injection  system  is  designed  to  be  constructed  in 
the  FODO  structure,  which  has  rather  short  drift  space. 

The  bump  orbit  for  painting  injection  has  a  full 
acceptance  for  the  circulating  beams. 

The  H  injection  line  and  the  disposal  lines  can 
be  designed  so  as  to  have  a  sufficient  acceptance  for  low- 
loss  injection 

The  painting  area  is  optimized  for  both  3-GeV  users 
and  50-GeV  users  in  a  pulse-to-pulse  mode  operation. 
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Abstract 

The  Spallation  Neutron  Source  (SNS)  project  is  a 
collaborative  effort  between  Brookhaven,  Argonne, 
Jefferson,  Lawrence  Berkeley,  Los  Alamos  and  Oak 
Ridge  National  Laboratories.  Los  Alamos  has  designed 
the  entire  linac  for  this  accelerator  complex.  The  final 
design  of  the  SNS  linac  is  comprised  of  both  normal-  and 
super-conducting  RF  (SRF)  structures.  The  normal¬ 
conducting  linac  section  up  to  185  MeV,  consists  of  a  2.5- 
MeV  RFQ,  a  Medium  Energy  Beam  Transfer  (MEET) 
line,  a  402.5-MHz  DTL,  followed  by  a  805-MHz  CCL. 
The  SRF  structure  accelerates  the  beam  from  a  nominal 
energy  of  185  MeV  to  1000  MeV.  The  SRF  section 
consists  of  two,  a  medium  beta  (P=  0.61),  and  a  high  beta 
(P=  0.81)  sections.  The  base-line  design  of  the  linac  was 
done  with  a  simulated  beam  at  the  input  to  the  DTL.  In 
this  paper,  we  present  the  behavior  of  particle-beams 
originating  at  different  locations  upstream  of  the  DTL. 
Input  beams  include  a  simulated  beam  at  the  input  to  the 
RFQ  and  a  beam  reconstructed  from  measurements. 

INTRODUCTION 

An  earlier  paper  [1]  describes  the  baseline  design  and 
anticipated  beam  performance  of  the  SNS  linac.  It  is 
designed  to  deliver  1.4  MW  of  circulating  beam  in  the 
ring  at  1  GeV  with  room  for  upgrade.  The  beam  from  the 
RFQ  at  2.5  MeV  goes  through  a  MEBT-chopper  section 
followed  by  a  DTL.  At  -87  MeV,  the  beam  from  the 
402.5-MHz  DTL  enters  the  805-MHz  CCL.  The  major 
portion  of  the  linac,  which  accelerates  the  beam  to  1.0 
GeV,  is  a  805-MHz  SRF  linac  that  follows  the  CCL 
structure.  This  linac  is  designed  to  eventually  handle  a 
peak  current  of  52  mA  and  deliver  2.65-MW  of  beam 
with  a  6%  duty  factor.  The  current  configuration, 
however,  delivers  1.5-  MW  corresponding  to  peak  beam- 
current  of  38  mA. 

In  the  baseline  linac  design  phase,  a  simulated  beam  at 
the  entry  to  the  DTL  (case  1)  was  used  to  evaluate  the 
performance  of  the  design.  All  through  the  changes  of  the 
base-line,  including  final  change  to  the  SRF  structure  for 
the  high-energy  portion  of  the  linac,  the  design  was 
evaluated  with  this  simulated  beam.  In  the  next  step  of  the 
design  process,  MEBT  was  included  in  the  evaluation  of 
the  beam  behavior.  The  simulated  beam  started  at  the 
beginning  of  the  MEBT  section  after  the  RFQ  (case2). 
The  MEBT  is  a  transport  section  where  a  second  and  final 
chopping  [2]  is  performed.  Due  to  constraints  imposed  by 
required  beam  profile  in  the  chopping  section,  the  MEBT 
design  was  revisited  several  times.  Finally,  it  was 
reconfigured  to  add  slits  removing  the  halo  produced  in 
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this  section  and  to  match  the  beam  to  the  input  to  the 
DTL.  This  modified  MEBT  is  used  for  case  3  where 
simulations  are  done  with  a  4-D  waterbag  distribution  at 
the  input  to  the  RFQ.  Incidentally,  loss  and  error 
simulations  [3]  in  the  normal  conducting  section  of  the 
linac  were  done  with  beam-collimators  in  the  MEBT. 

Finally,  in  case  4,  we  studied  the  performance  of  the 
linac  with  beam  that  was  reconstructed  from  the  beam 
measurement  at  the  end  of  the  LEBT  and  then  transported 
through  the  RFQ  and  the  modified  MEBT.  In  the  next 
sections,  we  present  the  results  for  all  the  four  cases.  No 
errors  were  included  in  any  of  the  simulations.  Beam 
dynamics  code,  LINAC  was  used  for  all  simulation  runs. 

SIMULATION 

Modified  MEBT 

It  was  recognized  very  early  in  the  simulation  studies 
that  significant  halo  develops  while  the  beam  passes 
through  the  MEBT.  Some  of  the  halo  particles  survive 
through  most  of  the  normal  conducting  linac  but  get  lost 
primarily  near  the  end  of  the  CCL  section.  Studies  were 
conducted  to  mitigate  this  problem;  the  MEBT  was 
modified;  horizontal  (both  -i-x  and  -x)  scrappers  were 
added,  in  addition  to  the  vertical  +y  beam  chopper  target 
that  nominally  intercepts  and  removes  1%  of  the  beam 
Details  on  this  modification  are  reported  in  an 
accompanying  paper  [4]. 

Matching  Through  MEBT 

The  rms-ellipse  parameters  and  emittances  at  the  input : 
to  the  MEBT  were  calculated  from  the  case  3  distribution 
after  filtering  out  the  low  energy  stragglers  i.e,,  looking  at 
the  output  beam  from  the  RFQ  with  a  simulated  4-D 
waterbag  input.  A  6-D  waterbag  distribution  having  the 
same  rms  properties  was  generated  and  was  transported  to 
the  third  buncher  cavity  in  the  MEBT.  TRACE  was  used 
for  adjusting  the  two  quads  upstream  of  this  buncher 
cavity  to  produce  a  round  beam  at  this  cavity.  The  beam 
was  then  transmitted  to  the  beginning  of  the  DTL  to  get 
the  emittances  at  the  entrance  to  the  DTL.  Again  TRACE 
was  used  to  find  the  match  for  the  beam  with  these 
emittances  at  38  mA.  Finally,  the  third  and  fourth  cavity 
and  the  four  quads  just  upstream  of  the  DTL  were 
adjusted  (by  using  TRACE)  to  match  the  beam  from  the 
MEBT  to  the  DTL. 

Simulation  Procedure 

In  case  1,  a  6-D  waterbag  distribution  of  100,000 
particles  was  generated  for  the  matched  input  to  the  DTL 
and  run  through  the  linac.  For  case  2,  the  simulated  beam 
(6-D  waterbag  distribution)  starts  at  the  beginning  of  the 
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MEET  i.e.,  at  the  output  point  of  the  RFQ.  For  case  3,  we 
use  a  simulated  4-D  waterbag  distribution  of  100,000 
particles  representing  40  mA  at  the  input  to  the  RFQ.  The 
output  at  the  RFQ  contains  -0.5%  of  low  energy  particles 
not  accelerated  by  the  RFQ.  After  filtering  out  the  low 
energy  particles  the  current  reduces  to  -37.2  mA, 
somewhat  less  than  38  mA  used  for  cases  1  and  2.  No 
attempt  is  made  to  adjust  the  MEET  to  rematch  the  beam 
into  the  DTL. 


Figure  1.  Phase-space  plots  at  the  RFQ  output  for  case  4 
showing  the  low  energy  particles  from  the  RFQ. 


this  reference  point  and  go  through  the  3-D  fields  of  the 
LEET,  A  description  of  the  generation  of  distribution  and 
transport  through  the  LEET  is  described  in  detail  in  [5]. 

Figures  1  and  2  show  the  phase  space  distributions  at 
the  RFQ  output  point  before  and  after  the  removal  of  the 
low  energy  particles  that  made  through  the  RFQ  without 
acceleration.  After  removal  of  low  energy  particles,  the 
beam  current  reduces  to  36.4  mA.  As  in  case  3,  no 
attempt  was  made  to  rematch  the  beam  into  the  DTL.  This 
input  distribution  should  be  compared  to  the  simulated 
input  distribution  of  case  2  shown  in  Figure  3. 


Figure  2.  Phase-space  plots  at  the  RFQ  output  for  case  4 
after  filtering  out  the  low  energy  particles. 

For  case  4,  we  start  with  an  initial  particle  distribution 
derived  from  x  and  y  beam  emittance  measurements  [5] 
made  at  slightly  different  longitudinal  locations.  We 
transform  to  the  midpoint  between  the  measurements 
without  space  charge  and  construct  a  numerical  particle 
distribution.  This  particle  distribution  continues  backward 
through  the  LEET  to  a  reference  point  upstream  of  the 
deflection  electrodes.  The  computer  code  PARMELA,  is 
used  to  verify  that  forward  and  backward  beam  transport 
with  3-D  space  charge  is  completely  reversible.  For  our 
beam  simulation  studies,  we  transport  the  beam  starting  at 


Figure  3.  Phase-space  plots  of  the  simulated  6-D  waterbag 
distribution  at  the  input  to  the  MEET  for  case  2. 


RESULTS 


Figure  4  shows  the  normalized  rms  x-  and  y-emittance 
along  the  length  of  the  entire  linac  for  all  the  four  cases. 
As  can  be  seen  from  the  plots,  for  cases  1  and  2,  there  is 
virtually  no  emittance  growth  in  either  x  or  y  emittance. 
The  same  is  true  for  longitudinal  emittance  (not  shown). 


Figure  4.  Normalized,  rms  x-  and  y-emittance  along  the 
length  of  the  linac  for  four  different  cases. 


Since  no  attempt  is  made  to  adjust  the  MEET  to 
rematch  the  beam  coming  out  of  the  RFQ  for  cases  3  and 
4,  the  beam  emittance  shows  growth  at  the  DTL  and  CCL 
junctions.  Furthermore^  there  is  gradual  increase  in 
transverse  emittances  along  the  CCL.  This  is 
understandable  as  transverse  focusing  is  gradually 
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reduced  along  the  CCL  to  make  a  smooth  transition  in 
focusing  strength  to  the  weaker  focusing  in  the  SRF 
section  due  to  longer  periodic  lattice  of  the  SRF  lattice. 
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Figure  5.  Phase-space  projections  at  the  end  of  the  linac 
for  case  2. 
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Figure  6.  Phase-space  projections  at  the  end  of  the  linac 
for  case  4. 


Figure  7.  Radial-distribution  of  particles  at  the  end  of  the 
linac  for  all  four  cases. 


Figures  5  and  6  show  phase  space  projections  at  the  end 
of  the  linac  (1  GeV)  for  cases  2  and  4  respectively.  As 
expected,  there  is  considerable  growth  in  the  transverse 
beam  extent  in  case  4  compared  to  case  2.  In  addition, 
there  is  some  halo  formation.  This  is  more  clearly  visible 
in  Figure  7  where  the  radial  distribution  of  the  particles  at 
the  linac-end  is  shown  for  all  four  cases.  While  for  cases 
1  and  2,  the  beam  virtually  does  not  extend  beyond  *^5 
mm  (within  statistics),  the  beam  extends  to  ~10  mm  for 
cases  3  and  4.  Also,  the  beam  distributions  are  more 
diffused  in  cases  3  and  4  indicative  of  halo  in  the  beam. 

Finally,  the  radial  dimensions  of  the  beam,  both  rms  as 
well  as  99%  beam-size,  along  the  entire  length  of  the  linac 
are  shown  in  Figure  8.  Predictably,  the  beam  size 
gradually  increases  from  the  DTL  towards  the  end  of  the 
CCL  as  the  transverse  focusing  slowly  decreases  in  that 
portion  of  the  linac. 


Energy  (MeV) 


Figure  8.  Radial  beam-size,  both  rms  and  99%  along  the 
length  of  the  linac, 

SUMMARY 

The  MEET  was  tuned  for  a  peak  current  of  38  mA  and 
specific  values  of  transverse  and  longitudinal  emittances. 
In  the  examples  discussed  above,  no  attempt  was  made  to 
rematch  the  beam  out  of  the  RFQ  to  the  input  of  the  DTL. 
Therefore,  some  mismatch  is  present  in  the  beam  coming 
out  of  the  RFQ.  This  would  be  the  case  in  reality  if  no 
dedicated  online  beam-measurement  devices  are  present 
at  the  input  to  the  DTL.  In  this  context,  the  simulations 
with  beam  from  the  RFQ  without  rematching  the  MEET 
are  representative  of  realistic  operational  scenarios. 
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Abstract 

The  particle-in-cell  code  WARP  has  been  used  to 
simulate  beam  dynamics  for  the  intense  ion  beam  of  the 
High  Current  Experiment.  First  a  study  was  done  of  the 
dynamic  aperture  of  the  alternating-gradient  electrostatic 
quadrupole  lattice  of  the  experiment,  including 
nonlinearity  due  to  image  forces  and  imperfections  of  the 
focusing  lattice  field.  It  was  found  that  particle  loss, 
rather  than  emittance  growth,  determined  the  usable 
aperture.  Simulations  of  transport  in  the  High  Current 
Experiment  were  then  performed,  and  the  results 
compared  to  measured  data.  We  present  the  results  of 
both  of  these  studies. 

INTRODUCTION 

The  High  Current  Experiment  (HCX)  [1],  a  Heavy  Ion 
Fusion  Virtual  National  Laboratory  experiment  located  at 
LBNL,  employs  a  driver-scale  beam  to  investigate 
transport  limits  for  heavy  ion  inertial  fusion  induction 
linac  drivers.  The  beam  is  a  coasting  beam,  which  is 
transported  through  an  alternating  gradient  FODO  lattice. 
At  present  the  current,  I,  is  185  mA  at  1  MeV,  and  the 
lattice  consists  of  a  ten-electrostatic-quadnipole 
alternating-gradient  system,  followed  by  four  magnetic 
quadrupoles.  Expected  eventual  parameters  are  555  mA 
at  1.8  MeV. 

In  this  report,  the  dynamic  aperture  of  the  HCX 
electrostatic  lattice,  which  is  expected  to  be  similar  to  an 
electrostatic-focus  section  of  a  driver,  is  investigated, 
using  the  transverse  2D  version  of  the  particle-in-cell 
(PIC)  simulation  code  WARP  [2].  The  dynamic  aperture 
is  an  important  cost  factor  for  a  heavy  ion  fusion  power 
plant  accelerator.  In  the  driver,  multiple  (-100)  beams 
will  be  accelerated  in  parallel  through  common  induction 
cores.  An  increase  in  the  aperture  necessary  for  each 
beam  will  have  a  large  impact  on  the  radius  of  the 
induction  core  and  focusing  structures,  and  thus  on  the 
size,  weight,  and  cost  of  the  accelerator. 

Two  sets  of  results  are  reported  here.  In  the  first, 
scaling  studies  were  performed  with  an  initially 
semigaussian  beam,  varying  the  current  and  undepressed 
betatron  tune  of  the  lattice,  in  order  to  find  the  dynamic 
aperture  of  the  system  for  an  idealized  beam.  In  the 
second,  the  simulation  was  initialized  with  a  particle 
distribution  function  synthesized  using  data  from  the 
upstream  end  of  the  HCX  experiment,  just  after  the 
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matching  section,  in  order  to  compare  the  results  with 
experiment. 

SIMULATION  MODEL  FOR  DYNAMIC 
APERTURE  SCALING  STUDIES 

We  discuss  first  the  calculations  made  to  determine 
the  dynamic  aperture  of  an  alternating  gradient  focusing 
lattice  assumed  to  consist  of  the  HCX  electrostatic  lattice, 
lengthened  to  50  lattice  periods  in  order  to  have 
sensitivity  to  longer-length-scale  effects.  The  quadrupole 
structure  is  shown  in  Fig.  1.  The  quadrupole  electrode 
radius  was  selected  to  eliminate  the  dodecapole  field 
component  (i.e.,  electrode  radius  =  8/7  x  aperture  radius). 
The  HCX  focusing  fields  were  modelled  at  each  z  by 
means  of  multipole  moments  derived  from  a  3D  solution 
of  the  Poisson  equation  for  the  HCX  quadrupoles,  which 
included  in  the  calculation  the  cylindrical  quadrupole 
electrodes  and  the  charged  plates  supporting  them. 
Moments  giving  potential  values  greater  than  1.5%  of  the 
quadrupole  potential  at  a  radius  of  85%  of  the  quadrupole 
aperture  (aperture  =2.3  cm,  given  by  the  quadrupole 
electrode  surface)  were  included,  with  a  z  resolution  of 
0.85  mm.  Image  forces  for  the  same  focusing  structure, 
assuming  perfect  conductors,  were  calculated  at  each 
timestep  using  a  capacitive  matrix  technique.  A  square 
conducting  box  at  4.9  cm  bounded  the  512  x  512  cell 
computational  grid.  80  timesteps  per  lattice  period 
(lattice  period  =  0.4352  m)  were  used,  giving  adequate 
resolution  of  the  fringe  fields. 

The  simulations  followed  a  transverse  slice  of  the  beam 
through  50  periods  of  alternating  gradient  lattice.  The 
beam  energy  was  assumed  to  be  1.8  MeV.  The  initial 
emittance  was  set  to  5  times  the  thermal  emittance  of  a 
0.1  eV,  5  cm  radius  source  for  a  beam  with  1=576  mA.  It 
was  then  scaled  with  the  square  root  of  the  current  for 
other  values  of  the  current,  simulating  the  effect  of 
changing  the  source  diameter  for  the  same  diode/injector. 
This  scaling  neglects  differences  in  injector  aberrations 
with  beam  size.  Since  ultimately  the  injector  would  be 
designed  for  the  desired  current,  this  approximation 
seems  reasonable.  The  emittance  values  used  correspond 
to  a  space-charge-dominated  beam,  with  phase  advance 
per  lattice  period,  a,  a  factor  of  7-9  below  its  undepressed 
value. 

An  initially  semigaussian  distribution  function  was 
used  for  the  scaling  study  because  the  driver  is  expected 
to  have  a  similarly  uniform  beam.  In  order  to  simulate 
the  effect  of  various  aperture  filling  fractions  in  the 
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driver,  for  each  of  several  values  of  the  focusing  strength 
(as  measured  by  the  undepressed  betatron  phase  advance, 
Go)  the  current  was  increased  until  beam  quality  suffered. 

In  the  HCX  it  is  easier  to  explore  the  effect  of  aperture¬ 
filling  by  decreasing  the  focusing  strength,  while  keeping 
the  current  constant.  In  the  results  below,  this  procedure 
is  compared  with  the  above  constant-Go  method. 

Nonlinear  focusing  forces  and,  to  a  greater  extent, 
image  forces,  produce  a  mismatch  in  the  beam,  if  it  is 
matched  assuming  linear  forces.  The  PIC  code  was 
therefore  used  to  iterate  on  initial  rms  beam  radii  and 
angles  until  the  beam  was  rms-matched  to  +/-  -'1-2%. 


Figure  1 :  An  HCX  electrostatic  quadrupole 


SCALING  STUDY  RESULTS 


attendant  electron  and  gas  production  required  using  < 
80%  of  the  radial  aperture.  More  aperture  must  be  added 
if  the  beam  is  mismatched,  has  more  halo,  or  is 
misaligned.  For  gq  =  80®,  loss  began  when  the  beam 
filled  70-75%  of  the  aperture,  and  was  always  larger  than 
for  the  lower  Go's.  This  increased  particle  loss  and  the 
slight  emittance  growth  mentioned  above  are  likely  to  be 
caused  by  the  same  phenomenon  seen  in  the  experiments 
of  Tiefenback  [3],  which  may  be  indicative  of  the 
boundary  of  stability  for  the  envelope  mode  for  space- 
charge-dominated  beams. 

In  another  set  of  calculations,  the  beam  current  was 
held  fixed  at  555  mA,  while  Go  was  decreased  from  60® 
in  order  to  increase  the  beam  radius.  This  procedure  is 
the  easiest  to  use  in  HCX  experiments.  Again  no 
emittance  growth  was  observed,  and  particle  loss  began 
when  the  beam  major  radius  was  about  80%  of  the 
physical  radial  aperture.  Phase  spaces  were  similar  to  the 
runs  at  constant  gq.  This  gives  confidence  that  exploring 
the  aperture  by  decreasing  the  lattice  focusing  strength 
will  give  information  relevant  to  the  driver  case. 
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Simulations  for  the  scaling  studies  were  performed 
over  50  lattice  periods  for  gq  of  60®,  70®,  and  80°,  since 
the  focusing  strength  of  the  driver  is  expected  to  be  in 
this  range.  At  each  gq  the  beam  current  was  increased 
until  beam  quality  degraded.  For  each  Go,  particle  loss 
began  while  emittance  was  still  within  acceptable  bounds. 
Therefore  the  useable  aperture  is  set  for  this  lattice  by 
particle  loss,  rather  than  by  emittance  growth.  For  60® 
and  70®  there  was  no  emittance  growth.  At  80®  a  few 
percent  growth  (0.04  n  mm-mrad)  was  seen  over  the  50 
lattice  periods,  and  the  same  slow  linear  growth  of 
emittance  continued  in  100-period  simulations.  In  all 
cases  the  final  phase  and  configuration  spaces  of  the 
beam  particles  were  unremarkable,  except  for  a  slight 
diamond-shape  in  configuration  space,  due  to  image 
forces  (see  Fig.  2  for  final  phase  and  configuration  space 
plots). 

Particles  are  lost  from  the  calculation  if  they  reach  the 
radius  of  the  quadrupole  electrode  surface  (0.23  m).  The 
simulation  does  not  generate  electrons  and  gas  when 
particles  hit  the  wall,  as  would  occur  in  the  experiment. 
Therefore  the  amount  of  loss  for  a  given  set  of  conditions 
is  not  considered  realistic,  though  it  is  indicative  of  the 
extent  of  the  halo  formed  and  the  approximate  z  position 
of  the  beam  when  particle  loss  begins.  It  was  found  that 
for  Go  of  60°  and  70®,  eliminating  particle  loss  and  the 
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Figure  2:  Configuration  and  phase  space  contour  plots 
after  50  lattice  periods  for  Go=60®,  1-849  mA  (fills  86% 
of  radial  aperture).  Units  of  x  and  y  are  meters. 

SIMULATIONS  OF  THE  HCX  BEAM 

The  HCX  has  been  used  to  experimentally  explore  the 
dynamic  aperture  of  the  electrostatic  quadrupole  lattice. 
At  this  point  measurements  have  been  done  for  radial 
filling  factors,  a^ax/Rj  (where  "a"  is  ihQ  beam  major 
radius  and  "R"  is  the  quadrupole  aperture  radius)  of  60% 
and  80%  [4].  For  both  cases,  the  experiment  showed  no 
emittance  growth,  and  particle  loss  consistent  with 
charge-exchange  loss  from  background  gas.  This  is  in 
agreement  with  the  simulation  results  discussed  above  for 
the  semigaussian  beam,  which  for  the  length  of  the  HCX 
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10-quadrupole  lattice  shows  no  beam  loss  or  emittance 
growth.  Background  gas  effects  are  not  included  in  the 
simulation.  However  the  HCX  beam  distribution 
function  differs  significantly  from  the  semigaussian 
model.  Therefore  a  simulation  was  performed  for  the 
60%  filling  case,  using  as  the  initial  distribution  function 
a  particle  distribution  determined  by  measurement. 

The  distribution  function  in  the  x-x’,  y-y',  and  x-y 
phase  planes  was  measured  using  slit  scanners  just 
downstream  of  the  matching  section  after  the  HCX 
injector.  Monte  Carlo  methods  [5]  were  then  used  to 
synthesize  a  distribution  function  from  the  data.  Note 
that  measurement  in  these  three  planes  is  not  sufficient  to 
uniquely  determine  the  distribution  function,  so 
additional  assumptions  about  the  distribution  were 
required.  The  choices  made  are  discussed  in  detail  in  ref. 
[5].  A  slice  near  the  center  of  the  beam  pulse  was 
transported  in  the  simulation  (and  experiment)  through 
the  10  electrostatic  quadrupoles  of  the  HCX  lattice.  The 
current  was  175  mA  with  initial  measured  emittances  of 
0.43  n  mm-mrad  for  x  and  0.37  n  mm-mrad  for  y,  and 
ao=65°. 

The  results  are  shown  in  Fig.  3.  Though  there  is 
rough  agreement  between  simulation  and  data  in  final 
beam  size  and  some  features,  such  as  the  beam  hollowing 
in  configuration  space,  there  is  obvious  disagreement  in 
distribution  function  details.  As  discussed  further  in  Ref 
[5],  data  from  a  new  prototype  optical  diagnostic  [6]  (slit 
+  scintillator)  indicates  that  there  are  distribution  function 
correlations  in  planes  not  measured  by  the  slit  scanners, 
which  therefore  are  not  reflected  in  the  synthesized 
distribution  fiinction.  Optical  diagnostics  now  in  the 
development  and  design  stage  will  provide  these 
correlations,  so  that  better  agreement  can  be  obtained. 
An  important  result  of  the  studies  reported  here  is  that 
such  previously  unmeasured  correlations  must  be 
included  in  order  to  obtain  accurate  predictions  from  the 
simulation. 


y»y  remapped  crossed-sltt 


Figure  3:  Distribution  function  in  x-x’,  y-y’,  and  x-y 
(from  left  to  right)  planes  after  10-quadrupole  transport  in 
the  HCX,  from  measured  data  (top  row)  and  simulation. 


CONCLUSIONS 

2D  particle  simulations  for  a  initially  semigaussian 
distribution  indicate  that  particle  loss,  rather  than 
emittance  growth,  defines  the  dynamic  aperture  for  the 
HCX  electrostatic  focusing  lattice.  For  a  well-matched 
centered  beam  with  negligible  halo  and  uq  <  80°,  particle 
loss  begins  when  the  ratio  of  the  beam  major  radius  to  the 
radial  distance  to  the  quadrupole  electrode  is 
approximately  80%.  When  Gq  reaches  approximately 
80°,  loss  increases,  and  there  is  slow  emittance  growth  ~ 
a  few  percent  in  50  lattice  periods.  Increasing  the  beam 
radius  by  (1)  changing  the  focusing  strength  at  constant 
current,  and  (2)  changing  the  current  at  constant  focusing 
strength,  seem  to  give  similar  results  for  particle  loss  and 
dynamics. 

A  simulation  was  also  done  for  a  distribution 
synthesized  from  slitscan  measurements  of  the 
distribution  function  in  the  x-x',  y-y’,  and  x-y  planes.  The 
results  show  significant  disagreement  with  experiment. 
Optical  diagnostic  data  indicates  that  the  possible  source 
of  the  disagreement  is  the  presence  of  correlations  in 
planes  not  measured  by  the  slitscanners.  Diagnostics  now 
being  designed  are  expected  to  provide  data  needed  to 
resolve  the  discrepancies. 
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Abstract 

Over  the  next  three  years  the  research  program  of  the 
Heavy  Ion  Fusion  Virtual  National  Laboratory  (HIF- 
VNL),  a  collaboration  among  LBNL,  LLNL,  and  PPPL,  is 
focused  on  separate  scientific  experiments  in  the 
injection,  transport  and  focusing  of  intense  heavy  ion 
beams  at  currents  from  100  mA  to  1  A.  As  a  next  major 
step  in  the  HIF-VNL  program,  we  aim  for  a  complete 
“source-to-target”  experiment,  the  Integrated  Beam 
Experiment  (IBX).  By  combining  the  experience  gained 
in  the  current  separate  beam  experiments  IBX  would 
allow  the  integrated  scientific  study  of  the  evolution  of  a 
high  current  (--^1  A)  single  heavy  ion  beam  through  all 
sections  of  a  possible  heavy  ion  fusion  accelerator:  the 
injection,  acceleration,  compression,  and  beam  focusing. 

This  paper  describes  the  main  parameters  and 
technology  choices  of  the  proposed  IBX  experiment.  IBX 
will  accelerate  singly  charged  potassium  or  argon  ion 
beams  up  to  10  MeV  final  energy  and  a  longitudinal  beam 
compression  ratio  of  10,  resulting  in  a  beam  current  at  the 
target  of  more  than  10  Amperes.  The  different  accelerator 
cell  design  options  are  described  in  detail,  in  particular  the 
induction  core  modules  incorporating  either  room 
temperature  pulsed  focusing-magnets  or  superconducting 
magnets. 

INTRODUCTION 

The  U.S.  Heavy  Ion  Fusion  program  is  supporting 
several  key  experimental  programs  to  validate  the 
attractiveness  of  a  heavy  ion  accelerator  as  a  candidate  for 
an  inertial  fusion  energy  driver.  Over  the  next  few  years, 
the  Heavy  Ion  Fusion  Virtual  National  Laboratory  (HIF- 
VNL)  will  complete  a  set  of  small  experiments  addressing 
scientific  key  questions  related  to  heavy  ion  fusion  drivers 
[1].  The  goal  of  these  experiments  is  to  demonstrate  the 
feasibility  of  such  driver  beam  manipulations,  which  can 
be  investigated  in  separate  small-scale  experiments  as 
initial  step. 

As  the  logical  next  step,  the  HIF-VNL  proposes  a  fully 
integrated  beam  physics  experiment.  This  intermediate- 
scale  experiment,  the  Integrated  Beam  Experiment  (IBX), 
will  allow  important  access  to  significant  areas  of  heavy 
ion  fusion  physics  [2]: 
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The  longitudinal  properties  of  a  driver-scale  beam 
under  induction  acceleration,  its  profile  and  the 
manipulation  of  that  profile,  and  the  resultant  emittance 
changes,  will  be  studied  for  the  first  time. 

Limits  of  acceleration  and  longitudinal  beam 
compression  can  be  examined  for  the  first  time. 

In  particular,  IBX  will  be  the  first  experiment  to  allow 
exploration  of  all  post-accelerator  manipulations  of  the 
beam  found  in  a  future  driver  -  drift  compression,  final 
focus,  and  chamber  transport. 

Electron  dynamics  with  acceleration  will  also  be 
addressed,  with  the  opportunity  for  the  first  time  to  see 
the  effect  on  beam  transport. 

The  final  focus  spot  size  on  target  depends  on  the 
accumulated  beam  phase-space  changes  through  each 
region  along  the  accelerator  system.  The  crucial 
integration  role  of  the  IBX  will  be  to  test  the  ability  to 
achieve  a  high  beam  brightness  (focusability)  from 
source  to  target. 

A  key  strategic  goal  in  the  HIF-VNL  theory/simulation 
program  is  an  integrated  and  detailed  source-to-target 
simulation  capability.  The  IBX  will  provide  a  well- 
diagnosed  experiment  to  benchmark  integrated  beam 
dynamics  simulation  codes  for  a  single  beam  through 
the  injection,  acceleration,  longitudinal  drift 
compression,  and  final  focus,  with  sufficient  beam 
current  to  include  important  gas/electron  interactions. 

This  integrated  source-to-target  experiment  will  have  a 
final  kinetic  energy  1 0  MeV.  The  charge-per-unit  length 
will  be  1-2  C/m  in  order  to  produce  the  space  charge 
potential  necessary  for  electron  dynamics  and  final 
transport  neutralization  studies.  The  final  perveance 
(measure  of  the  ratio  of  space  charge  potential  energy  to 
kinetic  energy)  of  the  beam  after  longitudinal 
compression  of  a  factor  of  10  will  be  -10"^.  The  option  of 
such  aggressive  beam  compression  will  enable 
exploration  of  a  wide  range  of  final  focus  transport  and 
final  compression  alternatives,  including  the  opportunity 
to  employ  a  variety  of  schemes  to  correct  geometric  and 
chromatic  beam  aberrations. 

IBX  COMPONENTS  AND 
SPECIFICATIONS 

The  IBX  project  is  currently  in  a  pre-conceptual  design 
stage.  As  required  by  the  physics  program  [2]  the 
minimum  final  beam  energy  of  IBX  will  be  5  MeV,  but 
depending  on  funding  level  should  preferably  approach 
10  MeV.  Main  performance  parameters  for  a  10  MeV 
IBX  scenario  are  listed  in  the  following  table: 
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INJECTOR 


CHAMBER 

Figure  1:  Schematic  layout  of  the  Integrated  Beam 
Experiment  (IBX). 


INJECTOR 


Ion: 

K+  or  Arf 

Current: 

0.6  A 

Energy: 

1.7  MeV 

Pulse  Length: 

0.25  s 

ACCELERATOR: 

Number  of  Half  Lattice  Periods: 

-120 

Half  Lattice  Period  Length: 

30  cm 

Final  Energy: 

10  MeV 

BEND  &  DRIFT  COMPRESSION: 

Number  of  Half  Lattice  Periods: 

-30 

Compression  Ratio: 

10 

Beam  Pulse  Length  at  End  of 

Drift  Compression: 

25  ns 

FINAL  FOCUS  &  PLASMA  NEUTRALIZATION: 

Number  of  Half  Lattice  Periods: 

-10 

Final  Beam  Pulse  Length: 

- 15  ns 

Final  Perveance: 

1.4  10'^ 

Final  Space  Charge  Density: 

1.4  C/m 

Final  Current: 

-lOA 

Figure  1  shows  the  mechanical  layout  of  a  10  MeV  IBX 
version.  To  advance  the  integrated  heavy-ion  beam 
physics  program  in  a  time-  and  cost-effective  manner  IBX 
will  rely  mainly  on  the  use  of  existing  technology,  in 
particular  induction  core-  and  superconducting  magnet- 
designs  developed  in  the  heavy  ion  fusion  program. 

IBX  TECHNOLOGY  CHOICES 

The  IBX  accelerator  is  a  current-amplifying  heavy  ion 
induction  linac  with  an  alternating  gradient  magnetic 
quadruple  transport  lattice.  The  accelerator  is  built  from 
individual  modules  as  indicated  in  figure  1.  Figure  2 
displays  schematically  the  main  components  of  such  an 
IBX  accelerator  module.  A  broad  range  of  design 
alternatives  has  been  examined  during  IBX  pre- 
conceptual  costing  studies. 


Transport  Magnets 

IBX  has  the  choice  of  using  either  pulsed  room- 
temperature  (RT)  or  steady-state  superconducting  (SC) 
quadrupoles  for  the  ion  beam  transport  magnets. 
Ultimately,  for  a  HIF  driver,  superconducting  magnets 
will  be  more  effective  than  RT  magnets  in  terms  of  field 
quality,  efficiency,  and  reliability.  Furthermore,  SC 
magnets  are  significantly  more  cost-effective  in  large 
quantity.  However,  up  to  today  mainly  RT  pulsed 
magnets  have  been  used  for  HIF-VNL  experiments 
because  of  their  significantly  lower  cost  if  used  in  small 
quantity. 

Figure  3  shows  a  cross-sectional  view  of  a  RT  and  a  SC 
version  of  IBX  acceleration  cells.  As  demonstrated  in  the 
figure,  the  cryostat  for  the  SC  case  takes  up  additional 
radial  space  leading  to  larger  induction  cores  and 
consequently  higher  costs.  IBX  will  need  approximately 
100  focusing  magnets,  which  is  slightly  below  the  turning 
point  where  SC  magnets  become  more  cost  effective.  For 
this  reason  present  effort  is  focused  on  a  tradeoff  study 
comparing  both  technologies. 

The  use  of  superconducting  magnets  in  IBX  has  three 
major  advantages  over  pulsed  RT  magnets:  First,  they  are 
steady  state,  eliminating  eddy  current  problems.  Secondly, 
the  magnet  cryostats  can  provide  a  cold  pumping  surface 
in  the  beam  tube.  Third,  a  HIF  driver  will  also  be  built 
with  SC  cold  bore  magnets.  Therefore,  IBX  could 
simulate  more  closely  the  vacuum  environment  seen  by 
the  heavy  ion  beam  in  a  HIF  driver. 

Having  the  same  vacuum  and  especially  beam-pipe 
wall  conditions  compared  to  a  HIF  driver  allows 
exploring  limitations  associated  with  magnetic  focusing, 
in  particular  the  onset  of  instabilities  or  focusing  effects 
due  to  electrons  trapped  in  the  potential  well  of  the  ion 
beam  (electron  cloud  effect). 


DIAGNOSTIC  SPOOL  & 
INTER-CELL  EQUIPMENT 


Figure  2:  Components  of  an  IBX  acceleration  module.  A 
half  lattice  period  consists  of  a  quadmpole  magnet  and  an 
induction  acceleration  gap.  Every  several  half-lattice 
periods  an  induction  cell  is  replaced  by  a  vacuum  spool 
for  diagnostics,  pumping  and  auxiliary  access. 
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Pulsed  RT  Magnet  SC  Magnet 

Figure  3:  Comparison  between  a  room-temperature  (RT) 
version  and  a  superconducting  version  (SC)  of  IBX.  The 
cryostat  for  the  SC  case  takes  up  additional  radial  space, 
leading  to  larger  induction  cores. 
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Induction  Cores  &  Pulsers 


Figure  4  shows  the  different  voltage  waveforms  that 
have  to  be  generated  by  a  single  IBX  induction  cell. 
Consequently,  the  current  IBX  baseline  design  integrates 
three  separate  induction  core  types  into  a  single  induction 
cell: 

(1) :  Each  half-lattice  period  (i.e.  quadrupole  magnet)  in 
IBX  will  include  an  induction  acceleration  gap.  The  main 
acceleration  pulse  (+100  kV/gap)  is  generated  by  bulk 
Metglas  cores  with  a  lumped-element  pulse-forming 
network  (see  figure  4a). 

(2) :  An  initial  velocity  tilt  (used  for  longitudinal 
bunching),  which  is  applied  to  the  ion  beam  in  the 
beginning  of  the  accelerator,  must  be  maintained 
throughout  the  accelerator  by  applying  a  small  tilt  voltage 
(-5  kV)  on  top  of  the  main  acceleration  pulse  (see  figure 
4a).  This  tilt  voltage  will  be  generated  by  smaller  Finemet 
cores  and  linear  solid-state  amplifiers.  Since  solid-state 
pulsers  are  extremely  flexible,  the  tilt  voltage  can  be 
modified  easily  for  different  longitudinal  beam  physics 
experiments.  Regulation  of  the  main  acceleration 
waveform  to  less  than  1%  can  also  be  achieved  using 
these  same  cores  and  pulsers. 

(3) :  Ear  voltage  pulses  (±  5  kV,  see  figure  4b)  confine 
the  head  and  tail  of  the  high-current  bunch  from  spreading 
out  longitudinally  due  to  space-charge  forces.  These  ear 
waveforms  require  the  highest  magnetization  rate.  Since 
the  ear  voltage  pulses  are  relatively  small  and  short,  solid- 
state  pulsers  together  with  a  third  core  component  using 
either  Finemet  or  Ferrite  material  is  utilized. 

Solid-state  technology  (compared  to  a  lumped-element 
pulse  forming  network)  constitutes  an  important 
component  of  IBX,  which  will  allow  enough  flexibility 
for  different  longitudinal  beam  physics  experiments,  each 
with  different  high  voltage  waveform  schedules.  As  a 
further  advantage,  solid-state  pulsers  can  be  easily 
integrated  into  the  accelerator  control  system.  Since  the 
waveform  is  generated  by  arbitrary  waveform  generators. 


Figure  4:  IBX  will  incorporate  agile  waveform  control 
utilizing  solid-state  pulser  technology  and  different  core 
materials  to  produce  flexible  pulse  waveforms  as 
indicated  in  this  figure. 

feedback  loops  can  correct  errors  in  the  applied  voltage 
pulses  even  during  a  single  beam  shot  in  subsequent  cells. 

SUMMARY 

Main  parameters  and  the  most  consequential 
technology  choices  of  the  planned  Integrated  Beam 
Experiment  (IBX)  pursued  by  the  Heavy  Ion  Fusion 
Virtual  National  Laboratory  (HIF-VNL)  have  been 
described.  The  total  project  cost  including  R&D  is 
currently  expected  to  be  in  the  range  of  80  M$.  Following 
project  approval  and  a  one-year  conceptual  design  effort 
IBX’s  first  operation  could  begin  after  a  5-year  design  and 
construction  schedule.  The  unique  IBX  capability  for 
integrated  injection,  acceleration,  compression  and 
focusing  of  high-current,  space-charge-dominated  heavy- 
ion  beams  would  unfold  a  completely  new  field  for 
investigating  and  exploring  heavy  ion  fusion  concepts. 
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Abstract 

The  pulsed  beam  in  the  SNS  accelerator  has  a  fine  time 
structure  which  consists  of  695ns  long  mini-pulses 
separated  by  250ns  gaps  in  order  to  minimize  transient 
beam  losses  in  the  accumulator  ring  which  could  arise 
during  the  ring  extraction  kicker  rise  time.  This  time 
structure  is  provided  by  a  two  stage  Front  End  chopping 
system  which  must  reduce  the  beam  current  in  the  gap  to 
a  level  of  10'^  of  the  nominal  current  in  order  to  satisfy 
requirements  on  the  ring  extraction  losses.  A  Beam-in- 
Gap  measuring  system  based  on  H’  stripping  using  Nd- 
YAG  laser  was  developed  and  tested  during  the  SNS 
Front-End  commissioning  period.  This  paper  describes 
the  Beam-in-Gap  measurement  system  design  and 
measured  performance. 

INTRODUCTION 

The  SNS  accelerator  systems  are  described  in  details 
elsewhere  [1].  They  have  to  deliver  proton  beam  with 
average  power  of  1.44MW  to  the  spallation  target.  The 
1ms  long  H‘  macro  pulses  are  accelerated  by  the  linac  to 
IGeV  energy  and  injected  into  accumulator  ring.  After 
1ms  accumulation  cycle,  beam  is  extracted  from  the  ring 
in  one  turn  using  fast  kicker  with  about  200ns  rise  time. 

In  order  to  minimize  losses  of  the  partially  kicked 
particles  during  kicker  rise  time  beam  is  chopped  at  the 
revolution  frequency  of  about  IMHz  into  ‘min-pulses’  of 
645ns  duration  with  300ns  gaps.  The  required  extinction 
ratio  of  about  10*^  is  provided  by  two  separate  chopper 
systems  located  in  the  low  energy  beam  transport  section 
(LEBT)  and  medium  beam  transport  section  (MEBT), 
respectively.  The  LEBT  chopper  with  design  extinction 
ratio  of  about  1%  and  rise  time  of  25ns  removes  most  of 
the  beam  power  during  the  mini-pulse  gaps.  The  MEBT 
chopper  further  reduces  extinction  ratio  to  and 
sharpens  gap’s  rise/fall  edges  to  10ns.  In  order  to  measure 
extinction  ratio  of  the  chopped  beam  diagnostic  system 
with  dynamic  range  better  than  10"^  is  required.  Moreover 
it  should  have  large  bandwidth  to  be  capable  to  measure 
10ns  rise/fall  time  of  the  gap.  B eam-in-gap  (B IG) 
measuring  system  was  included  in  the  original  base  line 
suit  of  the  SNS  diagnostics.  The  idea  was  to  detach 
electrons  from  H‘  using  pulsed  laser  beam  and  measure 
flux  of  created  neutral  downstream  [2].  BIG 
diagnostics  was  to  be  installed  in  the  high-energy  beam 
transport  line  where  dipoles  could  be  used  to  separate 
neutral  particles  firom  the  main  beam.  This  system  was 
rejected  later  due  to  budget  constraints.  Meanwhile 
decision  was  made  to  replace  wire  scanners  in  the 
superconducting  part  of  the  linac  by  laser-based  beam 
profile  diagnostics,  which  is  based  on  the  same  principle 
as  original  BIG  diagnostics.  Prototype  beam  profile 
measuring  equipment  was  installed  at  the  MEBT  exit  and 
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was  successfully  tested  during  front-end  system 
commissioning  [3,4].  The  same  equipment  proved  to 
provide  BIG  measurements  with  required  dynamic  range 
and  time  resolution  as  described  below. 

DESIGN  OF  THE  LASER  BASED  BEAM- 
IN-  GAP  MEASURING  SYSTEM 

General  layout 

General  layout  of  the  beam-in-gap  measuring  system  is 
shown  in  figure  1.  The  measured  beam  (1)  is  intercepted 
by  the  overlapping  light  beam  (2)  from  a  high  power 
pulsed  laser  (3).  The  electrons  removed  from  the  H  s  in 
photo-detachment  process  are  deflected  by  dipole 
magnetic  field  of  a  magnet  (4)  and  arrive  to  the  collector 
(5).  Collected  charge  is  measured  by  data  acquisition 
system.  Timing  of  the  laser  pulse  can  be  adjusted  using 
variable  delay  thus  allowing  scanning  H'  density  along  the 
macro-pulse.  Time  resolution  is  limited  by  the  laser  pulse 
duration. 


Figure  1.  Schematic  view  of  the  beam-in-gap 
measuring  system 


Signal  strength 

Signal  strength  in  the  detector  is  defined  by  ratio  of 
stripped  ions  in  the  beam  or  so  called  neutralization 
degree.  Neutralization  degree  due  to  negative  hydrogen 
ion  stripping  by  overlapping  laser  beam  crossing  the  ion 
beam  at  90  degrees  can  be  estimated  as  [5]: 

AW.  So 

2mcv  T^(7^ 

where  A  is  laser  wavelength,  WJ  is  laser  pulse  energy, 

Zq  is  invariant  cross-section  of  photo-detachment,  is 
laser  pulse  duration,  O' ^  is  transverse  laser  beam  size 

(assuming  laser  beam  completely  overlaps  ion  beam),  v  is 
ion  beam  velocity. 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 


1524 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Expected  neutralization  degree  in  our  experiment  was 
close  to  100%.  Number  of  stripped  electrons  and  therefore 
signal  in  the  collector  is 

Ie=k-h-T?o, 

where  k  is  collection  efficiency,  is  ion  beam 

current.  Collection  efficiency  is  close  to  1  in  our 
experiment  due  to  large  size  of  electron  collector  therefore 
electron  current  in  the  collector  is  close  to  the  ion  beam 
current.  Note  that  absolute  calibration  is  not  required  in 
the  beam-in-gap  measurements  because  we  are  interested 
in  gap  cleanness  relative  to  the  peak  beam  current. 

Background  signal 

Two  main  sources  produce  a  background  charge  in  the 
collector:  H'  stripping  on  the  residual  gas  upstream  of  the 
detector  and  secondary  electrons  from  beam  particles  lost 
in  the  collector  vicinity.  Both  sources  are  correlated  with 
the  beam  but  not  correlated  with  the  laser  pulse  therefore 
time  gating  of  the  signal  from  the  collector  synchronized 
with  the  laser  pulse  helps  to  suppress  background 
significantly.  For  this  reason  a  Faraday  cup  with  large 
frequency  bandwidth  was  used  to  collect  stripped 
electrons. 

Hardware 

We  utilized  hardware  developed  for  the  ‘laser  wire’ 
profile  monitor  [5]  for  the  beam-in-gap  measurements. 
Commercial  Nd-YAG  laser  has  the  following  parameters: 


Wavelength  1064nm 

Max.  pulse  energy  600mJ 

Pulse  width  6-8ns 

Max.  rep.  rate  30Hz 


Light  was  transported  through  a  transport  line  and 
injected  into  the  vacuum  chamber.  Laser  beam  size  at  the 
interaction  point  was  enlarged  to  -  2cm  in  diameter  to 
ensure  total  overlap  with  the  ion  beam. 

Stripped  electrons  were  deflected  by  a  90° 
electromagnetic  dipole  and  collected  to  a  Faraday  cup. 
The  magnetic  field  required  to  deflect  1 .25kV  electrons  is 
about  lOGs  and  its  effect  on  the  ion  beam  is  negligible. 
The  Faraday  cup  was  designed  with  two  important 


Figure  2.  Vacuum  chamber  layout. 


considerations  in  mind:  good  isolation  from  a  402.5  MHz 
electromagnetic  interference  from  the  beam;  large 
frequency  bandwidth  to  allow  time  gating  synchronized 
with  laser  pulse  for  background  suppression. 

Signal  from  the  Faraday  cup  was  measured  with  a 
digital  oscilloscope. 


Figure  3.  Faraday  Cup  design 


EXPERIMENTAL  RESULTS 

Beam-in-gap  measuring  system  was  installed  at  the  end 
of  the  MEBT  and  tested  during  the  FES  commissioning. 
The  chopper  system  couldn’t  provide  nominal  chopping 
efficiency  due  to  the  failure  of  the  high  voltage  chopper 
power  supply  switches.  We  simulated  nominal  operation 
of  the  chopper  using  DC  deflection  in  the  LEBT  with 
specific  goal  to  check  capability  of  the  measuring  system 
itself 

Time  resolution 
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Figure  4.  Time  profile  of  a  mini-pulse  gap  measured 
at  different  chopper  voltage. 

Gap  of  250ns  width  was  created  in  the  stream  of  micro¬ 
pulses  using  one  remaining  operational  switch.  Nominally 
there  are  four  switches.  The  efficiency  of  the  deflector 
with  only  one  channel  operational  is  about  Va.  Therefore 
depth  of  the  gap  couldn’t  reach  design  value  of  1%  but 
rise  and  fall  edges  of  the  gap  were  sharp  enough  to 
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evaluate  temporal  resolution  of  the  measuring  system  as 
shown  in  Fig.4.  Ion  beam  density  was  sampled  at  various 
times  along  the  mini-pulse  by  varying  delay  between  ion 
beam  and  laser  pulse.  Observed  temporal  resolution  of 
about  5ns  is  consistent  with  laser  pulse  duration. 

Dynamic  range 

Beam-on  phase  of  the  mini-pulse  was  simulated  by 
measurement  at  full  beam  current  of  32mA.  Signal  from 
the  electron  collector  in  this  case  is  shown  in  Fig  5. 

In  order  to  simulate  full  chopping  efficiency,  shifting 
beam  closer  to  the  edge  of  the  chopper  target  by  applying 
DC  voltage  on  the  deflector  compensated  lack  of  pulsed 
deflecting  voltage  on  the  chopper.  As  a  result  beam 
transmission  was  drastically  reduced  during  both  beam-on 
and  beam-off  phases.  Minimum  beam  current  of  70|xA 
achieved  in  this  configuration  is  a  reasonable  simulation 
of  expected  beam-in-gap  residual  current  during  normal 
operation  of  the  chopper.  Signal  from  the  electron 
collector  is  shown  in  fig  6. 

As  seen  from  the  Fig.6  beam  current  of  70pA 
produces  signal  in  the  collector,  which  is  10  times  higher 
than  the  background.  This  represents  dynamic  range  of 
about  5-10^.  In  order  to  check  that  dynamic  range  was 
limited  by  the  sensitivity  of  the  oscilloscope  and  not  by 
stripping  on  the  residual  gas,  we  increased  residual 
pressure  in  the  vacuum  chamber  by  factor  2-3.  It  didn’t 
result  on  corresponding  increase  of  the  background  level 
proving  that  lack  of  amplifier  gain  was  the  factor  limiting 
the  dynamic  range.  There  is  no  doubt  that  with  additional 
amplification  and  filtering  dynamic  range  could  reach  the 
required  value  of  10"^  or  better. 


Figure  5.  Oscilloscope  trace  of  the  signal  for  full  beam 
current  (blue  trace).  0  dB  amplifier  gain.  Green  trace 
is  laser  pulse  detected  by  a  photodiode. 


Figure  6.  Oscilloscope  trace  of  the  signal  for  beam  in 
the  gap  (upper  blue  trace).  20dB  amplifier  gain.  Green 
trace  is  laser  pulse  detected  by  a  photodiode. 


CONCLUSION 

We  have  developed  a  system  for  the  beam-in-gap 
measurements  in  the  SNS  accelerator.  Time  resolution  of 
5ns  and  dynamic  range  of  10"^  has  been  achieved 
experimentally.  Demonstrated  parameters  satisfy  the  SNS 
requirements.  This  system  is  based  on  the  standard 
equipment  of  the  ‘laser  wire’  profile  monitor  therefore 
beam-in-gap  can  be  measured  at  any  location  in  the  SCL. 
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Abstract 

The  ISIS  spallation  neutron  source  has  been  running  suc¬ 
cessfully  for  more  than  15  years  and  at  160  kW  remains  the 
most  powerful  source  of  its  kind  in  the  world.  With  ma¬ 
chines  due  to  operate  at  or  near  the  megawatt  level  under 
construction  in  the  United  States  and  Japan  and  expected 
to  come  on  line  within  the  next  decade,  advances  in  Europe 
have  not  progressed  at  the  same  rate.  A  positive  decision  on 
the  European  Spallation  Source  (ESS)  looks  unlikely  and 
one  is  led  to  consider  the  feasibility  of  alternative  options. 
An  ISIS  upgrade  is  one  such  possibility.  The  current  instal¬ 
lation  of  a  radio  frequency  quadrupole  (RFQ)  in  the  linac 
and  a  dual  harmonic  RF  system  in  the  synchrotron  should 
lead  to  an  increase  in  intensity  of  up  to  50%,  but  plans  are 
also  under  way  to  increase  the  beam  power  to  1  MW  with 
the  possibility  of  going  to  4-5  MW  in  the  longer  term.  The 

1  MW  option  is  based  on  an  increase  in  energy  to  3  Ge V  by 
means  of  a  second  synchrotron  using  ISIS  as  a  booster.  De¬ 
tails  of  the  new  ring  and  studies  of  the  accelerating  system 
are  given  in  this  paper.  The  ring  also  has  the  option  of  ac¬ 
celerating  to  8  GeV  at  reduced  frequency  and  this  could  be 
used  as  a  test  bed  for  the  nanosecond  bunch  compression 
needed  for  the  proton  driver  for  a  neutrino  factory  (NF). 
The  cost  of  these  proposals  is  relatively  modest  compared 
with  a  completely  new  facility.  In  the  longer  term,  a  com¬ 
bination  of  two  such  rings  with  a  new  synchrotron  booster 
(replacing  the  existing  ISIS)  would  give  several  options,  for 
example:  4  MW  for  neutrons,  or  2  MW  for  neutrons  plus 

2  MW  for  neutrino/muon  studies,  or  4  MW  for  a  neutrino 
facility. 

INTRODUCTION 

Based  on  a  70MeV  linac  and  an  800  MeV  synchrotron, 
ISIS  is  an  extremely  robust,  reliable  and  stable  machine. 
An  impressive  amount  of  high  quality  research  has  fol¬ 
lowed  since  its  inception  and  there  have  been  many  impor¬ 
tant  developments  over  a  range  of  subjects  including  both 
physical  and  biological  sciences.  Operational  experience 
and  technological  progress  have  provided  valuable  guid¬ 
ance  for  studies  towards  future  accelerator-based  neutron 
sources.  ISIS  is  increasingly  seen  as  a  benchmark  not  only 
for  neutron  production  but  also  as  a  high  power  proton  ac¬ 
celerator.  Many  of  the  ideas  behind  its  design  have  had  a 
bearing  on  the  US  spallation  neutron  source  (SNS)  and  the 
Japanese  high  intensity  accelerator  facility  (J-PARC),  and 
it  has  had  a  major  influence  on  plans  for  a  multi-megawatt 
spallation  source  in  Europe,  ESS.  While  the  demand  for 


neutrons  in  Europe  remains  strong,  a  decision  over  con¬ 
struction  of  ESS  seems  increasingly  remote.  A  develop¬ 
ment  of  ISIS  into  a  versatile,  high  power,  high  intensity 
proton  driver  (ISIS2),  therefore  seems  attractive,  and  would 
provide  options  for  a  range  of  fixed-target  studies.  The 
proposed  upgrade  would  be  in  three  phases,  during  each 
of  which  ISIS  could  continue  to  operate,  with  changeover 
made  only  as  construction  is  completed, 

1.  Phase  1  involves  the  construction  of  a  1  MW  proton 
synchrotron,  operating  either  at  3  GeV  and  50  Hz  or 
at  8  GeV  and  16.7  Hz,  with  injection  directly  from  the 
existing  800  MeV  beam  from  ISIS.  The  3  GeV  option 
would  provide  beam  for  a  1  MW  spallation  neutron 
source,  and  in  8  GeV  mode  the  machine  could  be  used 
for  bunch  compression  tests,  studies  of  a  pion  target 
and  experiments  with  a  prototype  muon  front-end  sys¬ 
tem,  all  essential  ingredients  of  a  neutrino  factory  de¬ 
sign. 

2.  Phase  2  sees  development  of  the  new  synchrotron  to 
2.5  MW  with  a  new  injector  comprising  a  180  MeV 
linac  and  two  1 .2  GeV,  50  Hz  booster  synchrotrons,  re¬ 
placing  the  ISIS  linac  and  synchrotron, 

3.  In  Phase  3,  a  second  high  energy  synchrotron  would 
be  added,  stacked  above  the  first,  with  both  operating 
at  25  Hz.  An  energy  of  ^^3  GeV  would  be  used  for  an 
enhanced  neutron  source  and  acceleration  would  be  to 
6  GeV  for  a  5  MW  neutrino  factor  driver. 

PHASE  1;  THE  NEW  SYNCHROTRON 

The  ISIS  synchrotron  has  a  mean  radius  of  26  m  and  ac¬ 
celerates  two  bunches  at  harmonic  number  h=2  to  an  en¬ 
ergy  of  800  MeV.  Installation  of  a  dual  harmonic  RF  system 
is  expected  to  improve  the  bunching  factor  so  that  pulses  of 
3.75x10^^  protons  can  be  accelerated  onto  the  target  at  a 
frequency  of  50  Hz.  Beyond  this,  the  machine  is  space- 
charge  limited  and  the  simplest  way  to  increase  the  beam 
power  is  through  an  increase  in  energy.  Bucket  to  bucket 
transfer  is  therefore  proposed  into  a  new  synchrotron  with 
mean  radius  78  m  (three  times  that  of  ISIS)  with  /i=6,  fol¬ 
lowed  by  an  (approximately)  fourfold  increase  in  energy 
to  the  MW  level  of  beam  power.  Since  only  one  third  of 
the  circumference  is  occupied  by  beam,  the  peak  current 
remains  the  same,  the  average  current  is  reduced  by  a  fac¬ 
tor  of  three,  space  charge  forces  are  unaltered  but,  owing 
to  the  increased  radius,  the  betatron  tune  shifts  and  spreads 
are  trebled.  These  are  allowed  for  in  the  design.  Similarly 
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beam  scrapers  are  included  in  the  injection  line  for  assumed 
(unnormalised)  transverse  input  emittances  of  19  tt  mm.mr 
(rms),  95  tt  mm.mr  (99%)  and  125  tt  mm.mr  (100%), 

The  synchrotron  lattice  is  based  on  a  racetrack  design 
with  superperiodicity  two  and  integer  Qh  in  the  arcs  in  or¬ 
der  to  obtain  dispersion-free  straight  sections.  Adequate 
space  must  be  provided  for  the  main  and  trim  magnets  and 
the  RF  systems,  and  the  straight  sections  must  be  suffi¬ 
ciently  long  to  meet  the  demands  of  injection,  extraction 
and  beam  loss  collection.  Analysis  of  various  models  [1] 
has  identified  the  best  option  as  having  22  cells  per  super¬ 
period  (15  in  the  arcs,  7  in  the  straights)  with  phase  shifts 
per  cell  close  to  96°  horizontally  and  60°  vertically.  Arc 
and  betatron  tunes  are  then  (Qh^Qv)  =  (4.0, 2.5)  and 
(11.7,7,2)  respectively.  Trim  quadrupoles  can  be  used  to 
raise  so  as  to  avoid  the  resonances  2Qy  =  14  and 
4Qv  =  28  under  space  charge  conditions.  Chromaticity 
correcting  sextupoles  have  been  evaluated  and  have  been 
found  to  give  a  large  dynamic  aperture  corresponding  to 
a  normalised  emittance  of  about  600  7rmm,mr.  Sector 


Figure  1:  8GeV  ISIS  upgrade  synchrotron 


dipoles,  5.97  m  in  length,  are  preferred  to  parallel  edge 
units  to  avoid  ripples  in  the  vertical  ^-function  (c./  [2]). 
Short  (1.08  m)  central  dipoles  are  included  to  limit  the  field 
to  S  ~  1.44  T  at  8GeV  and  assist  with  dispersion  con¬ 
trol.  The  main  quadrupoles  have  field  gradients  ^  9.8  T/m 
at  top  energy.  The  overall  dimensions  of  the  lattice,  which 
is  shown  in  Figure  1,  are  184  m  horizontally  x  107  m  ver¬ 
tically.  The  optical  parameters  are  shown  in  Figure  2. 

The  accelerating  cycle  uses  a  magnetic  dipole  field  of  the 
form 

B{t)  —  Bq  —  Bi  cos  27r/i  -f  B2  sin  47r/f . 

Choosing  the  higher  harmonic  amplitude  B2  =  Bif  4:^/2 
minimises  the  maximum  value  of  B  during  the  cycle  and 
studies  show  that  this  leads  to  a  reduction  in  total  RF  volt¬ 
age,  V,  in  the  ring  by  about  30%.  Operation  at  /  =  50  Hz, 
taking  the  full  ISIS  pulse  from  0.8  to  3GeV  in  just  un¬ 
der  12ms,  requires  Bq  =  0.4276T,  Bi  =  0.1810T  and 
V  ~  570  kV.  Parameters  for  the  cycle  are  listed  in  Table  1 
and  some  results  from  longitudinal  simulations  are  shown 


Figure  2:  8  GeV  synchrotron  optical  parameters 


in  Figure  3.  The  input  beam  in  these  calculations  has  been 
taken  from  ISIS  modelling  using  the  dual  harmonic  RF 
system  currently  being  implemented  and  detailed  in  [3], 
The  final  bunches  are  71,5  ns  in  duration  with  a  momen¬ 
tum  spread  of  ±3  x  10“^.  In  this  mode  of  operation,  the 


Table  1 :  Acceleration  cycle  to  3  GeV 


Time 

(ms) 

B(T) 

B 

Energy 

(GeV) 

Volts 

(kV) 

-0,95 

0.237 

0.0 

0.8 

86.6 

0.0 

0.247 

20.10 

0.85 

422.4 

2.0 

0.312 

39.63 

1.21 

571.1 

5.0 

0.428 

36.75 

1.87 

495.2 

7.0 

0.504 

39.78 

2.31 

516.3 

9.0 

0.581 

33.83 

2,77 

432.5 

10.95 

0.619 

0.0 

3,0 

130.0 

machine  would  be  used  as  a  source  of  spallation  neutrons. 
However,  the  possibility  exists  of  operating  at  /  =  16.7  Hz 
and  accelerating  only  one  pulse  in  three  from  ISIS  (the  oth¬ 
ers  being  discarded)  to  8  GeV  over  30  ms.  The  aim  would 
be  experimental  tests  of  bunch  compression  to  'v.i  ns  (rms), 
which  is  one  of  the  requirements  of  a  proton  driver  for  a 
neutrino  factory.  Pion  target  tests  could  also  be  undertaken 
along  with  investigations  of  a  prototype  pion  decay/muon 
capture  channel. 

PHASE  2:  THE  NEW  INJECTOR 

In  Phase  2,  the  synchrotron  would  be  upgraded  to  de¬ 
liver  2.5  MW  of  beam  power,  and  a  new  injector  would  be 
developed.  ISIS  as  we  know  it  today  would  be  decommis¬ 
sioned.  The  dual  role  of  a  neutron  facility  with  applications 
to  neutrino  factory  development  would  be  maintained. 

The  injector  would  comprise  a  180MeV  H~  linac  feed¬ 
ing  two  1.2  GeV,  50  Hz  booster  synchrotrons.  The  choice 
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Figure  3:  Longitudinal  phase  space  simulation  of  accelera¬ 
tion  to  3  GeV  for  ISIS2  as  a  spallation  neutron  source. 


of  a  low  energy  linac  is  based  on  the  need  for  a  small  lon¬ 
gitudinal  emittance  (~1  eVs)  to  facilitate  final  bunch  com¬ 
pression  [4].  The  linac  is  an  extension  of  the  design  devel¬ 
oped  for  the  ESS  [5]  and  comprises  a  60  mA  H”  ion  source, 
a  280  MHz  RFQ,  a  2.5  MeV  fast  beam  chopper  and  a  drift 
tube  linac.  Beam  chopping  is  necessary  to  ensure  very  low 
levels  of  particle  loss  at  ring  injection  and  facilitate  clean 
extraction.  For  both  the  new  linac  and  ESS,  chopping  is 
achieved  by  deflecting  30%  of  the  train  of  micro-bunches  to 
a  water-cooled  collector  by  means  of  an  electric  field.  The 
field  has  to  rise  in  the  inter-bunch  gap,  which,  being  of  the 
order  of  2  ns,  presents  severe  technological  difficulties.  A 
novel  two-stage  chopper  design  has  been  chosen  in  which 
two  or  three  microbunches  are  initially  deflected  to  a  col¬ 
lector  with  voltages  ^  ±2  kV,  so  creating  a  larger  gap  and 
easing  the  rise-time  requirements  for  the  much  stronger  de¬ 
flection  of  the  remaining  beam.  A  prototype  is  in  the  early 
stages  of  construction  and  the  design  is  described  in  [6]. 

The  transfer  line  to  the  rings  contains  a  180°  achromatic 
arc  with  both  positive  and  negative  bends  to  create  a  high 
normalised  dispersion  D/y/^  for  momentum  collimation 
within  a  relatively  compact  space.  Horizontal  and  vertical 
betatron  collimation  will  be  included,  along  with  momen¬ 
tum  ramping  cavities  for  injection  painting. 

The  1.2  GeV  synchrotrons  have  mean  radius  39  m  (half 
the  radius  of  the  main  synchrotron)  and  three  bunches  of 
protons  would  be  accumulated  in  each.  The  rings  would 
be  filled  one  after  the  other,  and  all  six  bunches  would  then 
be  transferred  to  the  main  ring  for  final  acceleration.  Using 
booster  synchrotrons  allows  the  task  of  accumulating  the 
high  intensity  proton  beam  to  be  separated  from  the  NF  fi¬ 
nal  compression,  which  is  carried  out  in  the  main  ring  and 
is  addressed  with  altogether  different  lattice  requirements. 
H“  injection  into  the  booster  rings  is  by  charge  exchange 
through  a  carbon,  or  possibly  aluminium  oxide,  stripping 
foil  at  a  point  in  the  latttice  where  the  normalised  disper¬ 
sion  is  ~  1.6.  This  allows  simultaneous  longitudinal  and 
horizontal  transverse  phase  space  painting  in  order  to  help 
reduce  space  charge  effects.  Longitudinal  injection  will 


start  into  a  decelerating  bucket  and  end  in  an  accelerating 
bucket,  with  the  voltages  carefully  controlled  throughout 
the  cycle  to  maintain  losses  at  the  10“^  level.  The  princi¬ 
ples  for  these  rings  are  similar  to  those  described  in  [7], 

For  a  compact  site  layout,  the  booster  synchrotrons  could 
be  stacked  one  above  the  other  and  would  ideally  fit  inside 
the  main  synchrotron. 

PHASE  3:  ADDITION  OF  A  SECOND 
SYNCHROTRON 

The  final  phase  of  development  would  see  the  addition 
of  a  second  main  synchrotron,  stacked  vertically  above  the 
ring  built  in  Phase  I,  and  operating  at  25  Hz.  The  two 
booster  synchrotrons  would  be  filled  one  immediately  af¬ 
ter  the  other,  each  with  3  bunches  of  1.7  x  10^^  protons 
at  50  Hz.  Extraction  from  the  two  rings  needs  to  be  at  the 
same  energy,  so  would  be  on  the  falling  edge  of  the  B-field 
from  the  first  ring  and  the  rising  edge  in  the  second.  All 
six  bunches  would  be  transferred  to  one  of  the  main  syn¬ 
chrotrons;  the  process  would  then  be  repeated  to  fill  the 
second.  After  acceleration,  extraction  would  take  place 
on  alternate  cycles  so  as  to  recover  the  50  Hz  frequency 
at  the  target.  Of  several  possible  options,  a  top  energy  of 

3  GeV  could  be  used  for  a  spallation  neutron  source;  at 
6  GeV,  bunch  compression  could  be  carried  out  for  a  5  MW 
NF  proton  driver;  or  one  could  use  the  output  from  each 
ring  for  multiple  purposes,  one  ring  for  neutrino  studies, 
the  other  for  neutrons,  for  example. 
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Abstract 

The  E- 1 64  experiment  at  the  Stanford  Linear 
Accelerator  Center  is  the  third  in  a  series  investigating 
Plasma  Wakefield  Acceleration  where  the  wake  is  driven 
by  electron  bunches.  A  collaboration  between  SLAC, 
UCLA  and  USC,  E-164  has  up  to  2x10^®  electrons  at 
28.5GeV  in  100  micron  long  bunches.  These  bunches 
enter  a  30cm  long  Lithium  plasma  with  density  of  6x10^^ 
electrons/cm^,  where  the  transfer  of  energy  from  the  head 
of  the  bunch  to  the  tail  takes  place.  In  addition  to 
acceleration,  strong  focusing,  refraction  of  the  electron 
beam  and  ‘^betatron  X-ray”  production  are  all 
investigated.  E-164  builds  on  related  prior  experiments, 
and  its  apparatus  has  evolved  considerably.  A  third 
Optical  Transition  Radiator  has  been  added  for  real  time 
Twiss  Parameter  measurements  which  include  the  effects 
of  scattering.  The  plasma  cell  is  moved  to  the  focus  of  the 
Final  Focus  Test  Beam  facility  in  order  to  increase  bunch 
electron  density.  Spectrometry  is  extended  with  an 
upstream  chicane  in  a  dispersive  region  to  produce 
synchrotron  X-rays.  Performance  of  these  improvements 
and  status  of  the  experiment  are  discussed. 

INTRODUCTION 

In  the  last  few  years,  a  series  of  experiments  have  been 
performed  at  SLAC  demonstrating  significant  energy  gain 
by  particles  traversing  a  plasma.  In  these  experiments, 
known  as  E-157  and  E-162,  a  single  electron  or  positron 
bunch  both  excites  the  plasma  wake  and  provides  the 
witness  particles  to  observe  the  large  accelerating  fields  of 
order  150  MV/m  [1].  E-164  will  increase  these  gradients 
with  shorter  and  more  intense  electron  beams  in  dense 


plasmas.  The  new  regime  of  energy  gain  requires  several 
changes  to  the  experimental  setup  and  diagnostics,  as 
discussed  below. 

ELECTRON  BEAM 

Move  of  Experimental  Setup  to  IPO 

Since  the  E-157  experiment,  the  plasma  interaction 
region  has  been  moved  to  IPO  of  the  FFTB  tunnel  at  the 
end  of  the  SLAC  linac.  This  enables  the  plasma  cell  to  be 
closer  to  final  quadmpoles  and  permits  smaller  spot  sizes 
to  be  achieved  at  the  plasma  entrance.  We  currently  have 
spot  sizes  of  20  by  20  microns  at  the  entrance  to  our 
plasma  cell.  The  greater  electron  density  in  the  beam 
allows  the  creation  of  a  clean  wake  in  our  much  denser 
plasma.  In  such  dense  plasma  wakes,  intense  accelerating 
fields  are  created.  We  expect  to  produce  gradients  over 
distances  of  approximately  30cm  that  exceed  several 
GeV/meter. 

Electron  Optics  Setup 

To  verify  our  small  spot  sizes,  during  setup  we  insert 
two  Optical  Transition  Radiator  (OTR)  foils  at  the 
locations  where  the  plasma  entrance  and  exit  planes  will 
subsequently  be.  The  foils  are  25  micron  thick  Titanium 
with  an  optical  quality  finish  on  the  observed  surface. 
Titanium  is  resistant  to  beam  damage,  but  we  still  observe 
occasional  perforation,  and  then  must  move  the  foil 
relative  to  the  beam. 

These  two  OTR  foils  are  additionally  necessary 
because,  as  discussed  below,  we  use  an  imaging 
spectrometer  to  observe  the  energy  spread  induced  in  our 
electron  bunches.  Setup  of  the  spectrometer  optics  to 
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guarantee  an  imaging  condition  requires  direct 
observation  of  beam  spot  sizes  at  the  locations  for  the 
plasma  entrance  and  exit.  When  the  optics  setup  is 
complete,  the  foils  are  removed  and  the  plasma  oven 
placed  in  the  beam  at  the  same  location. 

Single  Shot  Twiss  Parameter  Determination 

During  normal  experimental  running,  we  have  three 
OTR  foils  which  can  be  inserted  to  help  characterize  the 
electron  beam.  As  shown  in  Figure  1,  there  is  a  foil 
before  the  plasma  cell,  one  immedately  after,  and  a  third 
foil  downstream  of  a  series  of  quadrupoles.  These 
locations  are  chosen  to  have  unique  betatron  phase. 

Using  MATLAB,  we  model  beam  transport  including 
scattering.  This  code  allows  single  shot  determination  of 
the  beam  Twiss  parameters  when  the  plasma  is  turned  off. 

The  second  OTR  foil  is  additionally  useful,  because  it 
provides  a  snapshot  of  the  electrons  shortly  downstream 
of  the  plasma  cell.  As  observed  in  previous  experiments 
at  SLAC,  [2]  we  expect  a  time  dependent  focusing  force 
on  the  electron  bunch:  the  plasma  wake  evolves  for 
various  longitudinal  positions  in  the  bunch.  We  believe 
that  the  large  faint  halo  in  Figure  2  corresponds  to  the 
strongly  overfocused  tail  of  the  electron  bunch,  while  the 
majority  of  the  electrons  are  only  modestly  focused. 

1  DO 
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Figure  2:  Second  OTR  Image  of  Beam 

PLASMA SOURCE 

Lithium  Oven 

As  shown  in  Figure  3,  the  first  phase  of  E164  uses  a 
30cm  long  Lithium  oven  operating  at  over  800  degrees 
Celsius  with  a  Lithium  vapor  pressure  of  1  to  3  torr.  This 
temperature  and  pressure  corresponds  to  a  maximum 
Lithium  vapor  density  of  5x10^^  per  cubic  centimeter. 

Temperature  differentials  drive  a  convection  cycle  in 
the  Lithium  to  provide  a  sharp  density  profile  cutoff  as  the 
hot  vapor  encounters  the  cold  Helium  buffer  gas.  [3] 

To  ionize  our  Lithium  vapor,  we  use  a  lOOmJ 
Ultraviolet  laser  at  193nm,  which  has  good  mode  quality. 
This  laser  enables  photoionization  of  approximately  20% 
of  the  lithium  atoms  illuminated  by  the  laser. 

However,  preliminary  results  from  the  first  half  of  El 64 
indicate  substantial  tunnel  ionization  of  the  Lithium,  in 
addition  to  the  expected  photoionization.  This  arises 
because  the  intense  electric  fields  associated  with  our 


tightly  focused  electron  beam  can  strip  the  outermost 
electron  from  the  Lithium  atoms.  A  problem  with  tunnel 
ionization  is  that  for  our  beam  parameters,  it  occurs  near 
the  middle  of  the  bunch,  when  the  fields  are  the  largest. 

To  create  a  plasma  wake  useful  for  acceleration,  the  gas 
must  already  be  ionized  before  the  majority  of  the 
electron  bunch  particles  arrive  to  drive  the  wake.  For  the 
second  run  of  Erl64,  we  are  considering  the  use  of 
Cesium,  which  ionizes  more  readily.  This  allows  rapid 
ionization  before  the  main  body  of  the  electron  bunch 
arrives.  Dispensing  with  the  ionization  laser  would 
greatly  simplify  alignment,  but  because  tunnel  ionization 
ionizes  all  Lithium  atoms  in  a  volume,  we  cannot  change 
ion  density  except  by  adjusting  the  vapor  density,  and  that 
is  a  slow  process,  making  some  measurements  difficult. 


Plasma  Diagnostics 

For  direct  observation  of  plasma  density  and  plasma 
decay  rate,  we  use  an  optical  spectrograph  to  observe  the 
several  emission  lines  of  Lithium  as  the  ions  recombine. 

As  discussed  above,  there  appears  to  be  substantial 
tunnel  ionization  of  the  Lithium.  We  see  the  Lithium 
recombination  lines  when  ionizing  by  the  UV  laser  and 
also  see  them  under  the  condition  that  the  laser  is  turned 
off,  but  the  electron  beam  is  focused  to  a  tight  spot. 

Because  the  plasma  acts  as  a  strong  lens  in  X  and  Y, 
there  is  also  a  possibility  that  the  electron  beam  will  focus 
to  a  very  small  spot  inside  the  plasma.  The  associated 
fields  of  the  beam  could  ionize  Lithium  a  second  time,  or 
ionize  the  Helium  buffer  gas.  Our  spectrograph  could 
allow  observation  of  characteristic  emission  lines  in  Li^ 
and  Helium  if  this  effect  occurs. 

SPECTROMETER 

We  use  an  imaging  spectrometer  which  provides  a 
magnified  image  of  the  beam  as  it  exits  the  plasma  cell. 
In  the  vertical  plane,  imaging  ensures  that  the  spot  size  is 
dispersion  dominated,  giving  the  best  energy  resolution. 

An  aerogel  slab  approximately  1mm  thick  is  placed  at 
the  focal  plane  of  the  spectrometer  26  meters  downstream 
of  the  plasma.  The  beam  produces  a  bright  Cherenkov 
wake  in  a  cone  with  opening  angle  of  T.  Using  a 
standard  Nikon  105nun  lens,  we  image  a  portion  of  this 
light  cone  onto  a  Princeton  Instmments  scientific  grade 
CCD  camera  with  512x512  pixels.  This  camera  digitizes 
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with  16  bit  resolution.  The  high  dynamic  range  is 
important,  as  our  acceleration  is  expected  to  be  seen  by  a 
relatively  few  electrons  at  the  tail  of  the  bunch,  and  ability 
to  distinguish  them  is  critical. 

Dispersion  is  10mm  at  Cherenkov  screen  and  the 
imaging  of  the  light  to  the  CCD  camera  used  to  observe 
the  Cherenkov  light  is  such  that  the  energy  resolution  is 
20MeV  per  pixel,  or  0.07%.  A  sample  spectrometer 
image  is  below.  Note  the  large  energy  spread  of  2.5GeV 
due  to  strong  plasma  interaction. 


#28;  Inte^ted  Cherenkov  041 50cv  Image  28 
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Figure  4:  Energy  Spectrometer  Image 

FUTURE  ADDITIONS 

Synchrotron  X-Ray  Spectrometer 

The  short  electron  bunches  used  in  E- 164  mean  that  the 
time  dependent  energy  spectrum  is  impossible  to  resolve 
with  most  techniques.  For  example,  our  ISOfs  bunches 
cannot  be  resolved  by  even  the  best  streak  cameras. 

To  get  around  this  difficulty,  we  plan  to  compare  the 
energy  spectrum  of  the  beam  as  it  comes  into  the  FFTB 
with  detailed  simulations  of  the  linac.  Those  simulations 
give  full  longitudinal  phase  space,  and  allow  us  to  infer 
the  bunch  profile  with  confidence. 

The  main  goal  is  to  know  the  energy  spectrum  of  the 
bunches  before  and  after  the  plasma  cell  for  shot-by-shot 
measurement  of  energy  gain. 

Thus  for  several  reasons  we  desire  a  non-invasive 
spectrometer  upstream  of  the  plasma  cell.  There  is  a 
region  at  the  beginning  of  the  FFTB  with  8cm  of 
dispersion.  To  do  a  non-disruptive  measurement,  we  will 
place  a  vertical  chicane  in  this  dispersive  region. 

The  incoherent  synchrotron  radiation  power  produced 
as  the  electrons  traverse  the  chicane  is  in  ^rect  proportion 
to  the  number  of  electrons  at  a  given  energy,  and  allows 
non-invasive  measurement  of  the  electron  energy  spread 
with  expected  resolution  of  0.2%.  This  design  is  adapted 
from  a  similar  spectrometer  at  SLAG.  [4] 


Betatron  X-Ray  Measurements 

The  transverse  oscillations  of  the  electron  beam  as  it 
propagates  through  the  strongly  focusing  plasma  lead  to 
intense  production  by  synchrotron  radiation  of  high 
energy  X-Rays.  [5] 

For  E-164  and  future  experiments,  we  plan  to  do 
spectroscopy  on  the  extremely  broadband  radiation 
produced  by  the  electron  beam.  Theoretical  calculations 
indicate  that,  for  our  expected  parameters,  photons  with 
energies  from  approximately  lOOkeV  to  80MeV  will  be 
produced. 

There  will  also  be  a  position-energy  correlation  in  the 
cone  of  radiation,  so  a  spectrometer  capable  of  resolving 
energies  at  each  of  a  number  of  positions  transverse  to  the 
beam  is  required. 

Single  photon  calorimetry/spectroscopy  is  well 
understood,  but  the  extremely  intense  photon  fluxes 
expected  from  the  synchrotron  radiation  require  special 
techniques  to  resolve  individual  photon  energies.  Studies 
of  the  best  setup  to  achieve  this  are  ongoing,  but  are 
expected  to  use  Bragg  reflections  and  surface  barrier 
detectors  in  conjunction  with  detectors  suited  for  high 
energy  gamma  ray  detection  such  as  scintillator  crystals 
connected  to  photomultiplier  tubes. 

CONCLUSION 

The  special  requirements  of  E-164,  specifically  the 
dense  plasma  and  very  short  electron  bunches,  lead  to  a 
need  for  a  number  of  new  diagnostic  techniques  which  are 
suitable  for  characterizing  the  many  unusual  parameters 
of  the  experiment. 

Recent  and  planned  improvements  are  expected  to 
allow  the  accurate  determination  of  the  beam  properties  in 
all  three  dimensions  necessary  for  demonstrating  the 
intense  acceleration  of  our  beam  in  plasma. 
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Abstract 

We  present  a  design  for  a  slab-symmetric  accelerating 
structure  to  be  resonantly  excited  at  terahertz  frequencies. 
The  device,  consisting  of  a  vacuum  gap  between  dielectric- 
lined  walls,  combines  the  advantages  of  a  slab  geometry 
(including  strong  suppression  of  transverse  beam  wake- 
fields  and  low  power  density)  with  the  existence  of  a  reso¬ 
nant  mode  having  phase  synchronism  with  relativistic  elec¬ 
trons.  Accelerating  fields  of  hundreds  of  MeV/m  are  pre¬ 
dicted  when  the  structure  is  powered  by  a  high-power  FIR 
radiation  source  in  development  at  UCLA.  Simulation  of 
the  structure  fields  is  described  and  compared  with  theory, 
and  an  experimental  program  is  discussed. 

INTRODUCTION 

In  all  laser-based  acceleration  concepts,  the  large  trans¬ 
verse  fields  of  a  laser  pulse  must  be  converted  to  useful  lon¬ 
gitudinal  fields,  a  problem  solved  in  the  microwave  regime 
by  coupling  radiation  into  resonant  structures.  While  this 
acceleration  method  is  venerable,  conceptually  simple,  and 
capable  of  generating  very  large  axial  fields,  the  well- 
known  physical  and  technical  limitations  of  scaling  such 
structures  to  near-optical  wavelengths  have  strengthened 
the  cases  for  plasma-based  and  far-field  optical  accelera¬ 
tors,  despite  the  considerable  challenges  of  these  latter  ap¬ 
proaches.  However,  many  of  the  harmful  effects  produced 
by  the  presence  of  field-shaping  boundaries  near  the  accel¬ 
erating  particles  are  mitigated  if  the  system  is  allowed  to 
become  very  large  in  one  transverse  dimension,  in  effect 
producing  a  two-dimensional  device.  This  paper  extends 
and  refines  previous  work  on  laser-based  acceleration  in  a 
“slab-symmetric”  device,  and  introduces  a  new  design  for  a 
structure  driven  resonantly  at  340  jim,  which  is  to  be  exper¬ 
imentally  investigated  at  UCLA  using  a  novel  high-power 
terahertz  source. 

The  case  for  slab  structures  rests  on  the  inherent  transla¬ 
tional  symmetry  of  their  geometry,  which  forces  the  fields 
of  a  speed-of-light  wave  to  be  invariant  in  the  small  trans¬ 
verse  dimension;  this  leads  in  turn  to  the  suppression 
of  transverse  (dipole-mode)  wakefields,  which  otherwise 
would  dominate  the  beam-structure  interaction.  A  slab- 
beam  can  then  contain  very  high  charge,  acting  in  effect 
as  a  large  number  of  parallel  beamlines.  The  use  of  dielec¬ 
tric  materials  (which  can  withstand  surface  fields  of  a  few 
GV/m  for  pulses  of  a  few  picoseconds)  [1],  coupled  with 
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the  relatively  low  Q  (100-1000)  of  a  planar  structure,  al¬ 
low  the  production  of  large  gradients  (hundreds  of  MeV/m) 
before  breakdown  limitations  are  reached. 

Structure  Overview 

Fundamentally,  our  device  consists  of  a  pair  of  parallel 
dielectric  planes,  separated  by  a  narrow  vacuum  gap  and 
bounded  above  and  below  by  a  thin  conductive  layer.  Pe¬ 
riodic  slots  in  the  conductor  provide  a  means  for  coupling 
radiation  into  the  gap  and  also  enforce  longitudinal  peri¬ 
odicity  in  the  structure  fields.  When  the  correct  resonant 
geometry  is  achieved,  the  mode  pattern  is  dominated  by  a 
longitudinal  standing  wave  having  a  phase  velocity  exactly 
equal  to  the  speed  of  light.  The  concept  is  illustrated  in 
Fig.  1. 

conductor  y 


(a)  (b) 

Figure  1:  (a)  Schematic  drawing  of  the  slab-symmetric 
structure;  (b)  a  cross-section  in  rc,  showing  the  parameter 
definitions.  The  ‘infinite’  dimension  (a:)  extends  into  the 
page;  electron  beam  propagation  is  in  -\-z,  with  radiation 
(also  polarized  in  z)  impinging  on  the  structure  from  the 
-\-y  direction. 

A  number  of  versions  of  this  concept  have  been  pro¬ 
posed  [2,  3,  4],  each  of  which  took  a  slightly  different 
approach  to  generating  the  correct  longitudinal  periodic¬ 
ity  in  the  structure  properties.  Periodic  slots,  as  used  here, 
represent  the  optimum  choice  for  coupling  power  preferen¬ 
tially  into  the  accelerating  mode  while  satisfying  the  speed- 
of-light  resonance  condition.  Numerical  modeling  of  the 
structure,  discussed  below,  is  used  to  optimize  the  coupling 
slots  for  best  performance. 

Structure  Modes 

Mode  analyses  for  this  class  of  slab-symmetric  struc¬ 
tures  have  been  outlined  in  several  recent  papers  [3,  5]; 
the  solutions  hold  for  any  periodically-modulated  struc¬ 
ture,  regardless  of  the  mechanism  used  for  the  modulation. 
We  summarize  the  results  briefly  here  for  the  fundamental 
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speed-of-light  mode,  which  is  the  one  of  interest  for  accel¬ 
eration.  Using  the  axes  and  structure  parameters  defined 
in  Fig.  1,  and  assuming  initially  that  the  structure  is  truly 
infinite  in  the  x  direction,  we  obtain  an  axial  electric  field 

^ziy,z)  =  I  .  p  r  M  I 

y  AEq  cos[V€  -  1  kz[h  -y)])  ^  ^ 

(1) 

where  the  upper  line  holds  within  the  vacuum  gap  (|y|  < 
a)  and  the  lower  within  the  dielectric  (a  <  \y\  <  b),  and 
where  A  =  csc[y/e  —  1(6  —  a)kz]/y/e  ~  1.  The  transverse 
fields  are  proportional  to  y  and  zero  on  axis.  Imposition 
of  boundary  conditions  at  metal  and  dielectric  boundaries 
gives  a  resonance  condition  which  specifies  allowed  values 
of  a,  b  and  e  for  a  given  kz  =  27r/Ao,  where  Aq  is  the 
free-space  laser  wavelength. 

The  true  translational  symmetry  of  the  structure  is  of 
course  broken  in  any  physical  device  with  finite  extent.  The 
effect  of  a  non-infinite  structure  on  the  accelerating  mode 
has  been  addressed  in  [5],  where  field  variation  in  the  x 
direction  is  imposed  by  the  addition  of  conducting  walls 
at  a;  =  ±L,  where  L  a.  It  is  shown  that  the  axial 
field  in  the  gap  gains  a  cosh{k±y)  dependence,  but  with 
sufficiently  large  structure  aspect  ratio  (and  hence  small 
wavenumber  kx\  the  deviation  from  flatness  of  the  field 
can  easily  be  kept  below  1%. 

Optimized  Parameters 

Starting  from  a  wavelength  of  340  /zm,  we  choose  e  —  3 
(close  to  values  for  e.g.  silicon)  and  find  that  the  lowest  res¬ 
onance  occurs  for  a  =  1 15  pm,  b  =  145  pm,  or  in  other 
words  a  vacuum  gap  of  full  width  230  pm,  bounded  by  a 
dielectric  layer  30  pm  thick.  To  optimize  the  coupling  of 
external  power  into  the  structure,  we  can  adjust  the  width 
of  the  coupling  slots  as  well  as  the  thickness,  or  depth,  of 
the  conducting  layer  itself.  One  must  bear  in  mind  that 
since  the  drive  radiation  is  not  cut  off  in  the  coupling  slots 
(they  are  very  long  in  the  x  direction),  the  slots  are  in  ef¬ 
fect  waveguide  sections  which  can  perturb  the  resonance 
significantly.  The  high-Q  results  presented  below  are  ob¬ 
tained  for  a  slot  of  width  5  pm  and  69  pm  deep. 

NUMERICAL  RESULTS 

Field  Modeling 

Extensive  modeling  of  the  ideal  slab  geometry  has  been 
carried  out  using  a  two-dimensional  finite  difference  solver 
to  verify  the  resonance  condition  and  to  optimize  the  cou¬ 
pling  of  external  fields  into  the  structure.  In  this  code, 
a  single  structure  period  is  illuminated  by  a  plane  wave, 
with  symmetry  enforced  at  the  midplane;  periodic  bound¬ 
ary  conditions  are  used  in  z.  Typical  output  is  shown  in 
Fig.  2.  Fig.  3  shows  the  field  within  the  gap  in  more  detail, 
where  it  is  clear  that  the  accelerating  field  is  nearly  invari¬ 
ant  in  y,  as  predicted  by  (1).  The  transverse  field  is  zero  at 
the  location  of  the  peak  accelerating  field;  see  Fig.  3.  There 


is  clearly  a  very  strong  field  in  the  coupling  slot  itself;  how¬ 
ever,  in  this  design  the  slot  acts  as  a  quarter- wavelength 
transmission  line,  causing  the  field  to  fall  to  zero  at  the  in¬ 
ner  aperture  and  hardly  perturb  the  accelerating  mode.  The 
large  slot  field  indicates  that  these  slots  can  cause  a  substan¬ 
tial  change  to  the  structure  resonant  frequency;  it  also  limits 
the  amount  of  power  that  can  be  introduced.  Eliminating 
the  quarter-wave  condition  on  the  slot  length,  while  mis- 
tuning  the  structure  to  compensate  for  the  frequency  shift, 
may  overcome  this  problem. 


Figure  2:  Surface  plot  showing  time  snapshot  of  axial 
fields,  normalized  to  the  amplitude  of  the  incident  wave. 
The  field  along  the  2;  axis  shows  the  accelerating  mode, 
with  a  field  spike  in  the  coupling  slot  and  a  plane  wave  in 
the  space  above  the  structure. 

The  growth  of  the  accelerating  fields  in  time  is  shown  in 
Fig.  4,  where  we  see  that  after  a  relatively  long  fill  time  (on 
the  order  of  500  ps)  the  accelerating  field  amplitude  within 
the  structure  reaches  a  value  near  15  times  that  of  the  inci¬ 
dent  wave.  The  same  figure  compares  the  amplitude  of  the 
accelerating  mode  with  that  of  its  most  important  competi¬ 
tor,  the  so-called  ‘zero-mode’,  with  fields  that  are  constant 
in  z.  As  the  figure  shows,  the  zero-mode  component  of 
the  fields  remains  less  than  1%  of  the  accelerating  compo¬ 
nent.  The  fill  time  of  600  ps  suggests  a  loaded  Q  =  ojr  for 
the  structure  on  the  order  of  3000,  a  relatively  high  value. 
For  experiments  driven  with  pulsed  lasers,  it  will  be  impor¬ 
tant  to  decrease  this  fill  time  while  maintaining  a  reason¬ 
able  shunt  impedance.  Nevertheless,  the  design  exhibited 
here  would  produce  an  accelerating  gradient  of 400  MeV/m 
when  illuminated  at  100  MW/cm^. 

Wakefield  Stability 

The  advantageous  transverse  Wakefield  properties  of  the 
slab-symmetric  geometry  are  one  of  the  reasons  for  interest 
in  these  structures,  and  our  assertion  that  damaging  trans¬ 
verse  Wakefields  vanish  for  very  wide  beams  has  been  veri¬ 
fied  by  analysis  and  simulation.  Ref.  [5]  contains  an  analyt¬ 
ical  calculation  of  the  wake  potentials  in  a  slab-symmetric 
structure,  and  OOPIC  simulations  of  particle  wakes  in  this 
340  pm  structure  were  presented  in  an  earlier  paper  [7].  In 
both  cases,  the  transverse  electric  and  magnetic  forces  in 
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Figure  3:  Contour  plots  showing  Ez  (above)  and  Ey  (be¬ 
low)  over  one  structure  period.  The  shaded  area  represents 
the  conductor  (with  coupling  slot),  and  the  dark  line  shows 
the  dielectric/vacuum  boundary. 
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Figure  4:  Amplitude  of  axial  electric  fields  within  the  vac¬ 
uum  gap  vs.  time,  normalized  to  amplitude  of  the  incoming 
wave.  The  accelerating  mode  has  longitudinal  periodicity; 
the  non-accelerating  Fabry-Perot  mode  (multiplied  by  10 
here)  does  not. 

the  vacuum  gap  canceled  within  machine  precision. 

EXPERIMENT 

The  geometry  of  the  experiment  which  is  planned  for 
the  UCLA  Neptune  facility  is  dictated  by  available  radi¬ 


ation  wavelengths.  As  mentioned  earlier,  the  accelerator 
is  to  be  driven  with  a  new  terahertz  source  under  devel¬ 
opment  at  UCLA.  The  large  resonant  vacuum  gap  in  this 
wavelength  range — more  than  0.2  mm — ^makes  it  feasible 
to  inject  the  1 1-14  MeV  beam  from  the  Neptune  photoin¬ 
jector,  with  normalized  transverse  emittance  in  the  range  of 
6-10  TT  mm  mrad,  into  the  structure  successfully. 

We  expect  to  obtain  multimegawatt  laser  radiation  at  340 
fxm  using  a  difference  frequency  generation  scheme:  two 
frequencies  from  the  Neptune  terawatt  CO2  laser  will  be 
mixed  at  high  power  in  a  gallium  arsenide  crystal,  with  con¬ 
version  efficiency  into  the  difference  frequency  near  1  %.  [6] 
The  two  input  frequencies,  as  well  as  the  output  radiation, 
are  non-collinear  in  order  to  maintain  synchronism  over 
a  relatively  large  (several  centimeter)  interaction  length. 
Output  power  levels  in  excess  of  100  MW  are  projected; 
experimental  work  is  currently  in  progress. 

Diagnosis  of  the  structure  can  be  carried  out  through 
cold  testing  as  well  as  by  acceleration  experiments  and 
the  possible  detection  of  wake  radiation.  Transmitted  light 
from  the  lower  coupling  slots,  as  shown  in  Fig.  1,  can  be 
used  to  measure  the  filling  of  the  structure.  Since  the  de¬ 
sign  is  easily  scaleable  to  other  wavelength  regimes,  it  may 
also  be  useful  to  evaluate  prototype  structures  using  con¬ 
ventional  laser  radiation,  e.g.  at  10.6  ^m. 

CONCLUSION 

We  have  described  a  slab-symmetric  dielectric-loaded 
structure  which  serves  as  a  resonant  laser-driven  accel¬ 
erator  with  advantageous  transverse  stability  for  high- 
charge  beams.  When  such  an  accelerator  is  powered  by 
a  submillimeter-wave  source  at  340  /xm,  the  structure  di¬ 
mensions  become  ample  for  acceleration  of  a  slab  elec¬ 
tron  beam  with  achievable  transverse  size,  and  with  real¬ 
istic  input  power  levels  we  calculate  acceleration  gradients 
of  400  MeV/m.  Experimental  investigation  of  these  struc¬ 
tures,  including  cold  testing  in  several  wavelength  regimes, 
is  planned  at  the  UCLA  Neptune  facility. 
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Abstract 

A  periodic  focusing  system  is  reduced  to  an  equivalent 
continuous  focusing  one  for  a  beam  with  space  charge  by 
averaging  over  the  lattice  oscillations.  The  Lie  transform 
perturbation  method  is  used  to  canonically  transform  the 
laboratory  phase  space  variables  to  slowly  oscillating  vari¬ 
ables.  A  similar  averaging  over  the  lattice  period  was  per¬ 
formed  by  R.C.  Davidson,  H.  Qin  and  P.J.  Channell  [Phys 
Rev  ST  2,  074401  (1999)]  using  the  Poincare- Von  Zie- 
pel  perturbation  method.  The  Lie  transform  method  of¬ 
fers  certain  advantages  in  that  it  retains  the  original  form  of 
the  Hamiltonian  before  beginning  the  process  of  canonical 
transformation  to  a  slowly  oscillating  coordinate  frame.  On 
the  other  hand,  the  Poincare- Von  Ziepel  method  requires 
one  to  make  a  Taylor  expansion  of  the  Hamiltonian  in  terms 
of  the  as  yet  undetermined  expansion  terms  of  the  trans¬ 
formed  phase  space  variables.  The  Lie  transform  method 
avoids  such  a  Taylor  expansion  and  so  the  formulation  is 
less  tedious.  It  will  be  demonstrated  that  performing  the 
reverse  transformation  to  the  original  phase  space  variables 
is  also  straight  forward  in  the  Lie  transform  method. 


INTRODUCTION 

In  many  applications  of  dynamical  systems,  one  is  pri¬ 
marily  interested  in  the  long  time  behavior  compared  to 
certain  fast  time  scales  over  which  the  system  evolves. 
Hamiltonian  averaging  techniques  have  been  effective  in 
obtaining  a  set  of  equations  that  contain  only  long-time 
processes  and  retain  the  effects  produced  by  the  short  time 
scale  processes  only  up  to  a  desired  approximation.  The 
standard  procedure  is  to  perform  a  perturbation  canonical 
transformation  to  a  slowly  oscillating  reference  frame.  The 
Lie  Transform  perturbation  method  is  more  convenient  for 
such  a  procedure  when  compared  to  methods  based  on  the 
Hamilton-Jacobi  transformation.  A  Lie  transformation  can 
be  expressed  in  Poisson  bracket  notation  as  an  analogy  to 
Hamilton’s  equation  with  respect  to  a  continuously  varying 
parameter  representing  “Time”  and  a  Lie  generating  func¬ 
tion  representing  the  “Hamiltonian”.  This  enables  one  to 
develop  the  whole  formulation  in  Poisson  brackets  form 
making  inverse  transformations  at  every  intermediate  stage 
unnecessary  because  the  results  of  Poisson  brackets  are  in¬ 
variant  under  canonical  transformations. 


TRANSFORMATION  EQUATIONS  IN 
TERMS  OF  PERTURBATION 
EXPANSIONS 

A  Lie  Transformation  is  defined  in  terms  of  a  Lie  gen¬ 
erating  function  w  which  satisfies  the  Poisson  bracket  rela¬ 
tion, 

dZ 

—  =  {Z{z),  w{z,t,e)}  (1) 

This  describes  a  canonical  transformation  from  the  phase 
space  vectors  z  to  Z.  The  transformed  variable,  Z  varies 
continuously  with  respect  to  the  time  like  parameter  e  with 
w  being  analogous  to  the  Hamiltonian.  The  symplectic 
structure  of  the  transformation  guarantees  that  the  trans¬ 
formation  is  canonical  for  all  values  of  e.  A  Lie  operator  is 
defined  by  L  =  {it;,  }.  A  transformation  operator  T  trans¬ 
forms  any  function  such  that  Tf{z,t)  =  f{Z{z,t),t).  T 
is  equivalent  to  the  “evolution”  operator  with  respect  to  the 
“time”  e.  For  the  identity  function,  this  would  simply  be, 
Tz  =  Z{z^t), 

To  obtain  explicit  equations  for  each  perturbation  term, 
every  physical  quantity  and  operator  is  expressed  as  a 
power  series  in  e  known  as  the  Deprit  power  series  [3]. 
This  would  be  h{z,t,e)  =  H{z,t,e)  = 

EZo^"Hr,{z,t),  T{t,e)  =  E~oe"r„(t),  L{w)  = 
J2'^=oe^Ln,  w{z,t,e)  =  En=oe”'U}n+i{z,t).  Where, /i 
represents  the  original  Hamiltonian  and  H  represents  the 
transformed  Hamiltonian.  Using  these  expansions,  equa¬ 
tions  for  each  order  of  e  can  be  derived  to  determine  the 
transformed  Hamiltonian  H  with  respect  to  w  and  h,  and 
the  transformation  operator  T  with  respect  to  the  opera¬ 
tor  L.  A  rigorous  derivation  of  these  relationships  can  be 
found  in  Ref.  [4]  and  a  more  brief  one  in  Ref.  [5].  These 
derivations  are  based  on  the  work  by  Dewar  [2].  In  prin¬ 
ciple,  the  relationships  can  be  derived  up  to  any  order.  We 
give  them  here  up  to  third  order.  In  order  to  perform  a  time 
averaging,  we  need  to  set  /iq  =  0  [7].  Using  this,  equations 
to  determine  the  transformed  Hamiltonian  up  to  third  order 
are, 

i7o  =  /lo  =  0  (2) 


dwo 

=  2{H2  -  /i2)  -  L,(Hi  +  hi)  (4) 

—  hs)  —  Li(H2  +  /12) 

-L2{Hi  +  -hi)  -  -Ll{hi)  (5) 
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The  expansion  terms  of  the  inverse  transformation  oper¬ 
ator  T“^  are  given  below  up  to  third  order.  They  are. 


-  Li  (7) 

T^^  =  Il2  +  IlI  (8) 

Ti^  =  lL3  +  ^LiL2  +  ^L2Li  +  ^Ll  (9) 

APPLICATION  TO  AN  INTENSE  BEAM  IN 
A  LINEAR  FOCUSING  FIELD 

The  analysis  in  this  section  considers  a  thin,  long  non¬ 
neutral  beam  traveling  with  a  constant  axial  velocity.  The 
charged  particles  are  subjected  to  a  focusing  force  of  the 
form  —  [Ka;(s)xex  +  f<'y{s)yey].  The  axial  distance  s,  is 
equivalent  to  time  since  the  beam  is  assumed  to  be  prop¬ 
agating  at  constant  velocity.  In  normalized  units  (see  for 
example  Ref.  [6]),  the  Hamiltonian  for  such  a  system  in  the 
transverse  phase  space  (x,  y,  x',y')  is  given  by 

h  =  +  y'^)  +  +  ^Ky{s)y^  +  i{){x,y,s) 

(10) 

The  oscillation  of  the  lattice  function  k{s)  is  considered  to 
be  much  faster  than  the  oscillation  of  the  space  charge  po¬ 
tential  ‘0(0?,  y,  s).  The  aim  here  is  to  apply  the  perturbation 
theory  of  the  previous  section  to  average  over  the  lattice  os¬ 
cillations.  As  mentioned  in  the  previous  section,  we  to  set 
ho  =  0.  The  Hamiltonian  h  is  considered  to  be  of  the  same 
order  as  the  parameter  e.  So,  we  have  hi  —  h,h2  =  0,  and 
/i3  =  0.  For  this  application  of  a  charged  particle  beam, 
where  the  aim  is  to  find  an  equivalent  continuously  focus¬ 
ing  system,  it  is  sufficient  to  carry  out  the  procedure  up  to 
third  order  [1,8]. 

The  given  Hamiltonian  is  now  applied  to  Eqs.  (2-5).  In 
which  everything  is  expressed  in  terms  of  the  transformed 
variables.  Equation  (2)  gives  Hq  =  0,  and  Eq.  (3)  gives 


■i>{X,Y,s) 


There  are  two  unknown  expressions  in  this  equation.  They 
are,  Hi  and  wi  where  Hi  needs  to  be  chosen  such  that  it 
retains  only  the  slowly  oscillating  terms  and  cancels  terms 
with  a  nonzero  value  when  averaged  over  fast  oscillations. 
This  ensures  that  Wi  averages  to  zero  over  fast  oscillations 
which  is  required  in  order  for  the  perturbation  scheme  to  be 
secular  [4].  So, 

H,  =  i(X'2+F'2)  +  l(K*)X2  +  i(«,)y2+V>(X,y,s), 

(12) 

where  the  angle  brackets  represent  an  average  over  a  lattice 
period  5.  That  is. 


1 

-si 


Hereafter  we  assume  that  {Kx,y)  =  0  which  is  true  for  most 
practical  applications.  Since  the  expansion  terms  of  w  ap¬ 
pear  in  the  form  of  derivatives  in  the  transformation  equa¬ 
tions,  it  is  sufficient  to  evaluate  the  indefinite  integral  with 
respect  to  s.  Doing  this  for  Eq.  (1 1)  gives. 

The  Roman  numerical  superscripts  represent  an  indefinite 
integral  over  s.  Similarly,  a  superscript  “11”  will  indicate  a 
double  integration  over  s  and  so  on. 

Moving  now  to  the  second  order  perturbation  equation 
which  is  Eq.  (4),  we  get 

^  =  2^2  +  2k1  {s)XX'  +  2k\  {s)YY'  (15) 

Since  both  the  terms  on  the  right  side  are  fast  oscillating 
terms  and  average  to  zero,  we  need  to  set  H2  =  0.  Inte¬ 
grating  with  respect  to  s  yields 

W2  =  2{k^}{s)XX'  +  «“(s)yy')  (16) 

We  now  move  to  the  third  order  equation  which  gives, 

^  =  3(41(s)x  A  +  «n(s)yA)^(x,y,s) 

+ZH3  -  3«°(s)A"2  -  3«l/(s)y'2 

+2k11(s)«;x(s)A'^  +  2«ll(s)Ky(s)y^ 

(17) 

Once  again,  Hz  needs  to  be  chosen  so  that  it  cancels  terms 
with  nonzero  averages  over  the  lattice  periods.  The  sec¬ 
ond  term  on  the  right  side  of  Eq.  (17)  is  a  product  between 
slow  and  fast  oscillating  terms.  Up  to  the  desired  order,  this 
product  averages  to  zero  over  fast  oscillations  [7]. 

-  24^K!/>y^ 

(18) 

Up  to  third  order,  the  transformed  Hamiltonian  given  by 
H  =  Hi  +  H2-\-  Hz  represents  an  intense  beam  with  con¬ 
tinuous  focusing.  This  can  be  expressed  as 

H  =  hx'^  +  y'2)  +  hlCxX^  +  ICyY^)  +  m,Y,s) 


JCx  =  (20) 

and 

Xy  =  3((4)^  “  44^«y)  (21) 

To  determine  wz,  we  need  to  integrate  Eq.  (17).  Retain¬ 
ing  only  terms  of  third  order  in  €,  the  integration  yields 


-3Klll{s)X'2-3411(s)y'^ 
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To  transform  back  to  the  laboratory  phase  space  vari¬ 
ables,  we  make  use  of  the  operator  given  by  Eqs.(6 

-  9).  The  transformation  will  be  performed  up  to  third  or¬ 
der.  We  may  express  the  transformation  in  the  form  of  a 
perturbation  expansion  as 

X  —  T  -j-  Xi  ■+•  X2  + . 

(23) 

2/  =  r-^r  =  y  +  yi  +  j/2  + . 

(24) 

x'  =  T-^X'  =  X'  +  x'^  +  x'2  +  ... 

(25) 

]/  =  T-^Y'  =  Y'  +  y[  +  y'^  +  ... 

(26) 

The  zeroth  order  terms  X,  Y,  X',  Y'  represent  the  fact 
that  To“^  =  /,  the  identity  transformation.  The  first  order 
terms  are  obtained  by  operating  Tf  ^  which,  from  Eq.  (7) 
is  simply  the  operator  Li.  So, 

=  {w'li-X'}  =  0  ■ 

(27) 

2/1  =  =  0 

(28) 

a:;  =  {«;i,X'}  =  -4(s)A' 

(29) 

y[  =  {wuY'}  =  -Kl{s)Y 

(30) 

Similarly,  the  second  order  terms  can  be  got  from  Eq.  (8) 
by  operating  on  (X,  X\  Y,  Y').  These  are, 

X2  =  l{L2  +  Ll)X  =  -K%)X 

(31) 

y2  =  \iL2+Ll)Y  =  -K^}i8)X 

(32) 

x'^  =  ^iL2  +  Ll)X'  =  K^{s)X' 

(33) 

y'2  =  \iL2  +  Li)Y'  =  K%)Y> 

(34) 

The  third  order  terms  will  be  determined  by  the  operator 
given  by  Eq.  (9).  This  gives. 

0:3  =  2k^}^X' 

(35) 

ys  =  : 

(36) 

3  X  ^  Q^2 

(37) 

QY  ^  ^  ^y2 

(38) 

The  expressions  for  wi,  W2  and  wz  have  been  made  use 
of  in  the  form  of  Poisson  brackets.  They  carry  the  trans¬ 
formed  variables  when  performing  an  inverse  transforma¬ 
tion.  Since  Poisson  brackets  are  canonically  invariant,  w 
could  carry  either  variables  depending  on  the  operation  that 
is  being  performed. 

In  this  section,  we  have  reduced  a  general  linear  focusing 
system  to  a  continuous  focusing  system  for  an  intense  beam 
by  canonically  transforming  to  a  slowly  oscillating  refer¬ 
ence  frame.  The  equivalent  continuous  focusing  system 


can  offer  a  variety  of  advantages.  It  can  be  solved  more  ef¬ 
ficiently  numerically  because  it  can  allow  larger  time  steps. 
The  transformed  system  can  also  also  have  symmetries  that 
can  reduce  its  dimensionality,  for  example,  angular  mo¬ 
mentum  is  conserved  for  an  alternating  gradient  focusing 
system  with  an  azimuthally  symmetric  charge  distribution. 
The  averaged  Hamiltonian  is  time  independent,  and  so  it 
can  allow  self  consistent  equilibrium  where  the  phase  space 
density  is  a  function  of  the  transformed  Hamiltonian.  That 
is,  Fo(X,  y,  X\  Y*)  =  F{K).  This  would  be  a  near  equi¬ 
librium  solution  in  the  laboratory  frame.  In  this  section,  re¬ 
lationships  were  also  derived  to  transform  the  system  back 
to  the  laboratory  frame  after  performing  the  required  cal¬ 
culations  in  the  transformed  reference  frame, 

SUMMARY 

This  paper  demonstrates  the  use  of  the  Lie  transforma¬ 
tion  perturbation  theory  to  perform  a  time  averaging  over 
fast  oscillations  for  a  beam  with  space  charge  in  a  periodic 
focusing  channel.  This  derivation  was  previously  done  us¬ 
ing  the  Poincare  -  Von  Ziepel  method  Ref  [1].  This  deriva¬ 
tion  has  the  advantage  that  it  does  not  assume  the  space 
charge  to  satisfy  any  specific  equation  like  Poisson’s  or 
Maxwell’s  equation  unlike  those  in  Refs.  [8,  9,  7].  In  ad¬ 
dition  to  that,  the  transformed  Hamiltonian  and  the  inverse 
transformation  of  phase  space  variables  can  be  obtained  in 
explicit  form.  The  Lie  transformation  method  greatly  sim¬ 
plifies  the  the  algebra  especially  when  the  external  force 
term  of  the  Hamiltonian  has  a  complex  form  having  mixed 
variables  like  in  nonlinear  focusing  systems.  It  does  not  re¬ 
quire  one  to  Taylor  expand  the  Hamiltonian  and  does  not 
require  one  to  perform  a  reverse  transformation  at  every 
intermediate  stage.  Moreover,  the  reverse  transformation 
needs  be  done  only  if  required.  In  conclusion,  we  state  that 
although  the  method  was  applied  to  an  intense  beam  with 
linear  focusing,  its  application  is  more  general. 
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INDUSTRIAL  APPLICATIONS 

H.  Tanaka,  T.  Nakanishi,  Y.  Pu,  T.  H.  Kim,  Y.  Makita,  A.  Maruyama,  C.  Tsukishima,  S.  Yamamoto, 
and  S.  Nakamura,  Mitsubishi  Electric  Corp.,  Advanced  Technology  R  &  D  Center,  8-1-1 
Tsukaguchi-Honmachi,  Amagasaki,  Hyogo,  66 1  -866 1 ,  Japan 


Abstract 

A  CW  microtron  is  made  and  the  first  beam  test  is 
done.  The  machine  is  of  a  racetrack  type.  The  acceleration 
energy  and  the  beam  power  are  5  MeV  and  50  kW, 
respectively.  The  RF  cavity  is  a  conventional  normal- 
conducting  2-cell  cavity  with  coupling  slots.  The  injection 
energy  is  80  keV,  and  a  500MHz  CW  gun  is  used.  The 
bending  magnets  are  divided  into  two  subsections  to 
adjust  the  acceleration  phases  of  every  turn.  A  beam  test 
of  the  500  MHz  CW  gun  shows  that  a  peak  current  is 
about  200  mA,  and  a  phase  width  of  the  gun  emission  is 
about  60  degrees.  The  beam  emittances  measured  agree 
well  with  the  calculation  results.  Injection  beam  sizes  at 
the  center  of  the  RF  cavity  are  about  5  mm  and  4  mm  in 
the  horizontal  and  vertical  coordinates,  respectively. 

1  INTRODUCTION 

High  power  electron  beams  are  necessary  for  industrial 
applications:  X-rays  irradiation  and  electron  irradiation. 
Development  of  accelerators  operated  in  a  continuous 
wave  (CW)  mode  is  of  considerable  practical  interest  for 
industrial  applications  [1].  The  CW  microtron  with  a  500 
MHz  RF  cavity  is  proposed.  The  essential  interests  are 
compactness  and  low  cost.  A  key  issue  of  designing  the 
microtron  is  that  the  injection  energy  is  as  low  as  80  keV 
( >3  =  0.5 ),  and  the  velocity  of  an  electron  beam  changes 
with  every  turn.  Hence  the  energy  gain  from  the  RF 
cavity  in  each  passage  changes.  A  new  shaped  bending 
magnet  is  proposed  to  adjust  beam  orbit  length  of  each 
turn,  and  appropriate  acceleration  phases  can  be  adjusted 
when  an  electron  beam  passes  the  RF  cavity.  This  paper 
describes  manufactured  results  of  the  CW  microtron.  The 
first  beam  tests  of  the  CW  electron  gun  and  the  LEBT  are 
also  shown. 

2  CW  MICROTRON 

Basic  parameters  of  the  CW  microtron  are  shown  in 
Table  1.  Figure  1  shows  a  schematic  drawing  of  the  5 
MeV  CW  microtron,  and  Fig.  2  shows  a  photograph  of 
the  CW  microtron  and  the  RF  power  source. 

2.1  CW  electron  gun  and  LEBT 

A  500  MHz  CW  electron  gun  and  an  LEBT  are  shown 
in  Fig.  3.  In  order  to  match  an  accelerating  RF  frequency, 
the  80  keV  gun  is  pulsed  at  the  RF  frequency.  The  gun  is 
a  conventional  triode  type  with  a  0.5  cm^  dispenser 
cathode.  A  CW  emission  is  modulated  by  varying  a  grid 
voltage  in  the  triode.  A  signal  source  of  the  grid  voltage  is 
a  pick-up  signal  of  the  RF  cavity,  and  the  grid  voltage  is 


biased  to  a  DC  level.  The  80  keV  electron  beam  is 
injected  with  a  chicane  magnet  from  an  injection  line 
(LEBT).  There  are  two  solenoid  magnets  and  a  QF 
magnet  at  the  LEBT  for  a  transverse  beam  focusing.  The 
chicane  magnet  is  composed  of  three  bending  magnets. 


Table  1 :  Basic  parameters  of  CW  microtrons. 


5  MeV 
Accelerator 

10  MeV 
Accelerator 

Beam  power 

50  kW 

100  kW 

Beam  current 

10  mA 

10  mA 

RF  frequency 

500  MHz 

500  MHz 

Accelerator 

dimension 

1600  X  3900 

X  1100  mm 

1600  X  4700 

X  1100  mm 

Weight 

10  ton 

11  ton 

Figure  2:  CW  microtron  and  the  RF  power  source. 
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Figure  3:  500  MHz  CW  electron  gun  and  an  LEBT. 


22  500  MHz  RF  cavity 

The  RF  cavity  is  a  conventional  2-cell  cavity  with  nose 
cones  and  inductive  coupling  slots  as  shown  in  Fig.  4, 
which  is  frequently  used  for  an  electron  storage  ring. 
There  are  one  coupler  and  two  tuners.  The  frequency  is 
selected  around  500  MHz  that  is  determined  by  a  capable 
input  power  into  the  RF  cavity  and  the  total  size  of  the 
microtron.  The  power  supply  (100  kW)  uses  two  lOTs 
(Inductive  Output  Tube,  CPI:  K2H50),  which  are 
frequently  used  for  broadcasting  systems.  The  RF  cavity 
was  designed  for  a  total  gap  voltage  of  1  MV  at  40  kW 
dissipation.  A  high  power  test  of  the  cavity  has  been 
successfully  done,  and  all  measured  parameters  agree 
well  with  the  design  values. 

23  Magnets 

An  electron  beam  after  passing  the  RF  cavity  for  the 
first  time  cannot  pass  by  outside  the  RF  cavity  after  the 
first  bending  magnet  (BM).  Therefore,  an  inverse¬ 
bending  magnet  (IBM)  is  situated  near  the  bending 
magnet  as  shown  in  FIg.l.  The  electron  beam  passes  the 
RF  cavity  for  the  second  time  in  the  inverse  direction  of 
the  first  passing.  A  transverse  beam  focusing  is  obtained 
with  only  edge  effects  of  the  bending  magnets  and  two 
QMs  near  the  RF  cavity. 

In  a  conventional  racetrack  microtron,  a  fixed  relation 
among  the  magnetic  field,  the  RF  frequency,  and 
amplitude  of  the  acceleration  voltage  is  needed  for 
synchronous  acceleration  under  an  almost  light  velocity 
of  a  beam  [2].  As  for  the  proposed  microtron,  the  electron 
velocity,  however,  changes  with  every  turn,  and  the 
energy  gain  from  the  RF  cavity  in  each  passage  changes. 
The  RF  acceleration  phase  slip  becomes  large,  when  a 
conventional  bending  magnet  is  used.  Therefore,  we 
propose  a  new  shaped  bending  magnet  to  adjust  beam 
orbit  length  of  each  turn  [3].  The  bending  magnet  is 
divided  into  two  subsections  described  as  Fig.  5.  The  two 
subsections  have  different  magnetic  fields,  and  the 
bending  angles  of  the  two  subsections  are  adjusted  so  that 
beam  orbit  length  of  each  turn  is  appropriate  for  the 
acceleration.  The  parameters  are  optimised  with  a 
computer  optimisation  program  so  that  an  electron  beam 
with  the  widest  acceleration  phase  can  be  accelerated. 
Figure  6  shows  electron  orbits  calculated  with  a 


numerical  integration  of  exact  equations  of  motion  using 
3-D  magnetic  and  electric  fields.  Lines  shown  in  the 
figure  are  horizontal  beam  orbits  using  calculated  3-D 
magnetic  fields.  Dots  in  the  figure  are  1000  particles’ 
simulation  results  using  measured  magnetic  fields. 
Calculation  conditions  are  as  follows:  initial  acceleration 
phases  are  0,  +10,  and  -10  degrees,  and  an  unnormalized 
beam  emittance  is  50  n  mm-mrad.  The  study  shows  that 
an  electron  beam  can  be  accelerated  till  5  MeV  with 
practicable  beam  sizes  (x=  18  mm,  y=  12  mm). 


Figure  4:  500  MHz  RF  cavity  and  a  coupler. 
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Figure  5:  Magnetic  field  distribution  of  the  bending 
magnet  calculated  with  TOSCA. 
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magnetic  fields  (lines)  and  measured  magnetic  fields 
(dots).  Calculation  conditions  of  the  dots:  initial 
acceleration  phases  are  0,  +10,  and  -10  degrees  and  an 
unnormalized  beam  emittance  is  50  tt  mm-mrad. 

3  BEAM  TEST 

3.1  500MHz  CW  beam  production 

The  beam  test  was  done  with  the  following  diagnostics: 

1)  a  fluorescent  screen  which  is  movable  along  the  axis, 

2)  the  Faraday  cup  which  can  be  measured  fast  beam 
signals.  Figure  7  shows  a  beam  bimch  signal  measured  by 
the  Faraday  cup.  The  figure  shows  that  a  500  MHz  pulsed 
beam  is  produced,  and  the  bunch  length  is  about  300  ps 
(phase  width:  60  degrees),  that  is  in  good  agreement  with 
simulation  results. 

Figure  8  shows  calculated  and  measured  peak  beam 
currents  as  a  function  of  the  grid-cathode  voltage.  The 
calculation  was  done  with  a  beam  tracking  in 
consideration  of  space  charge  effect.  The  simulation 
model  was  divided  into  two  sections:  1)  a  section  from 
the  cathode  to  the  grid,  2)  a  section  from  the  grid  to  an 
exit  of  the  electron  gun,  because  the  former  section  is  a 
very  fine  structure  as  compared  with  the  latter  section.  A 
maximum  current  needed  is  estimated  to  be  200  mA  on 
account  of  attaining  an  average  acceleration  current  of  10 
mA.  The  figure  shows  that  measured  results  agree  well 
with  the  calculation  results. 

Figures  9  shows  unnormalized  beam  emittances  as  a 
function  of  the  grid-cathode  voltage  (Vgc).  The 
measurement  was  done  with  the  fluorescent  screen  and  a 
quadrupole  magnet.  The  measured  results  agree  well  with 
the  calculation  results,  and  show  that  the  unnormalized 
beam  emittance  is  about  60  n  mm-mrad. 
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Figure  7:  Beam  signal  with  an  80  GHz  sampling 
oscilloscope:  (1  ns/div.  and  50  mA/div.). 


Figure  8:  Measxired  and  calculated  peak  currents  as  a 
function  of  the  grid-cathode  voltage. 
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Figure  9:  Unnormalized  beam  emittances  as  a  function  of 
the  grid-cathode  voltage. 

4  SUMMARY 

The  CW  microtron  with  the  500  MHz  RF  cavity  was 
made  and  the  first  beam  test  was  done.  The  production  of 
500  MHz  CW  beam  and  the  injection  into  the  microtron 
have  been  successfully  done.  Acceleration  beam  test  will 
be  done  within  this  summer. 


3.2  Beam  injection 

An  injection  beam  test  was  done  before  an  acceleration 
beam  test.  The  fluorescent  screen  and  the  Faraday  cup 
were  situated  at  a  position  of  the  RF  cavity.  The  beam  test 
shows  that  injection  beam  sizes  at  the  center  of  the  RF 
cavity  are  about  5  mm  and  4  mm  in  the  horizontal  and 
vertical  coordinates,  respectively,  and  beam  centering 
within  +  0.2  mm  accuracy  can  be  done. 
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Abstract 

Brookhaven’s  AGS  Booster  has  been  modified  to  de¬ 
liver  slow  extracted  beam  to  a  new  beam  line,  the  NASA 
Space  Radiation  Laboratory  (NSRL).  This  facility  was  con¬ 
structed  in  collaboration  with  NASA  for  the  purpose  of  per¬ 
forming  radiation  effect  studies  for  the  NASA  space  pro¬ 
gram.  The  design  of  the  resonant  extraction  system  has 
been  described  in  [1].  A  more  detailed  description,  which 
includes  predictions  of  the  slow  extracted  beam  time  struc¬ 
ture  has  been  described  in  [2].  In  this  report  we  will  present 
results  of  the  system  commissioning  and  performance. 

INTRODUCTION 

The  AGS  Booster  has  operated  since  1991  as  an  injector 
of  protons  and  heavy  ions  into  the  AGS,  The  nominal  op¬ 
erating  parameters  are  summarized  in  table  1.  NSRL  will 
employ  heavy  ion  beams  of  many  different  ion  species  and 
at  beam  energies  ranging  from  0.04  to  3.07  GeV/nucleon. 
Resonant  extraction  is  required  in  order  to  deliver  a  contin¬ 
uous  stream  of  particles.  In  this  report  we  present  results 
from  the  commissioning  of  slow  extraction  for  this  facil¬ 
ity.  The  third  integer  resonant  extraction  process  employs 
a  single  thin  magnetic  septum  and  a  thick  septum  ejector 
magnet,  with  the  resonance  created  by  re-configuring  4  of 
the  main  horizontal  chromaticity  sextupoles.  The  expected 
extraction  efficiency  is  about  85  %,  based  on  the  thin  sep¬ 
tum  thickness  and  the  predicted  step  size  of  the  resonant 
beam  at  the  septum. 

The  maximum  kinetic  energy  of  the  extracted  beams  is 
limited  by  the  maximum  Booster  rigidity  of  17  Tm  and 
by  the  maximum  NSRL  transport  line  rigidity  of  13  Tm. 
Ions  are  fully  stripped  at  a  stripping  foil  located  at  the  en¬ 
trance  of  the  thick  septum  magnet.  Intensities  of  a  few  10® 
down  to  10^  ions  per  pulse  or  less  will  be  available  to  ex¬ 
perimenters  through  collimation  at  the  entrance  to  the  D6 
septum  magnet.  Due  to  the  limited  range  of  the  Booster 
quadrupoles  at  high  fields,  the  design  of  the  resonant  ex¬ 
traction  system  requires  moving  the  operating  point  in  tune 
space  through  z/^.  =  4.5  and  extracting  on  the  13/3  reso¬ 
nance. 

*  Woric  perfonned  under  Contract  Number  DE-AC02-98CH 10886  with 
the  auspices  of  the  US  Department  of  Energy. 
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Table  1 :  AGS  Booster  Parameters 


Parameter 

Value 

Circumference 

201.78  (1/4  AGS)  m 

Ave.  Radius 

32.114  m 

Magnetic  Bend  R 

13.8656  m 

Lattice  Type 

Separated  Function,  FODO 

No.  Superperiods 

6 

No.  of  Cells 

24 

Betatron  Tunes,X,Y 

4.82, 4.83 

Vacuum  Chamber 

70  X  152  mm  Dipoles 

152  mm  (circular)  Quads 

Max.  Rigidity 

17  Tm 

Injection  Rigidity 

2.2  Tm  (200  MeV  protons) 

0.9  Tm  (1  MeV/nuc  Au(32+)) 

Acceleration  Rate 

8.9  T/s  up  to  7.5  Tm  (7.5  Hz) 

1  T/s  up  to  17  Tm  (0.7  Hz) 

COMMISSIONING  RESULTS 

The  first  slow  extracted  beam  from  the  Booster  occurred 
in  October  2002.  At  that  time  we  demonstrated  that  we 
could  manipulate  the  beam  in  tune  space  with  little  or  no 
beam  loss  while  passing  through  Vx  =  4.5  and  that  the  ex¬ 
traction  system  worked  as  designed.  After  this  initial  com¬ 
missioning  period  we  took  occasional  short  periods  of  time 
to  do  various  radiation  safety  beam  tests.  Our  next  oppor¬ 
tunity  for  extensive  commissioning  effort  began  again  at 
the  end  March,  using  polarized  protons.  This  was  useful 
time,  since  for  the  proton  beams  we  could  observe  beam 
losses  on  the  Booster  ion  chamber  loss  monitors.  In  this 
period  of  commissioning  we  were  able  to  re-establish  slow 
extraction,  get  beam  transported  to  the  target  area  of  the 
NSRL  beam  line,  commission  new  instrumentation  in  the 
beam  line,  and  begin  work  on  spill  control.  In  addition  the 
beam  line  itself  was  commissioned  with  various  studies  of 
the  beam  optics  being  performed.  These  commissioning 
efforts  are  discussed  in  more  detail  in  [3, 4]. 
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Booster  Main  Magnet  and  Acceleration  Configu¬ 
ration 

The  Booster  Main  Magnet  power  supply  required  signif¬ 
icant  modifications  to  allow  operation  for  slow  extraction. 
In  addition  to  modifications  in  the  controls,  an  active  fil¬ 
ter  was  added,  to  reduce  ripple  on  the  extraction  flattop.  A 
spill  servo  system  was  added  including  beam  abort  opera¬ 
tions,  to  disable  beam  in  the  middle  of  the  spill  through  an 
experimenter  supplied  interrupt.  Details  of  these  changes 
can  be  found  in  [4].  Figure  5  shows  the  effect  of  the  active 
filter  on  the  spill  structure. 

Tune  Manipulations 

At  high  field,  the  Booster  quadrupole  iron  begins  to  sat¬ 
urate  before  the  dipole  iron  of  the  main  arc  bending  mag¬ 
nets.  This  weakens  the  strength  of  the  quadrupole  relative 
to  the  dipole  and  lowers  the  machine  bare  tune.  Details  on 
this  effect  are  provided  in  [5].  For  the  NSRL  project  new 
power  supplies  were  installed  to  allow  the  trim  windings  of 
the  main  Booster  quadrupoles  to  operate  up  to  1100  amp. 
Previously  they  could  only  go  up  to  700  amp,  which  was 
not  enough  to  provide  a  good  operating  range  for  slow  ex¬ 
traction  at  the  highest  rigidities.  Figure  1  shows  the  regions 
of  tune  space  that  are  accessible  within  ±1100  amp  in  the 
tune  trim  windings  at  14  Tm,  the  larger  region  in  green, 
and  16  Tm,  the  smaller  region.  For  multitum  injection  of 
and  we  use  linear  coupling  to  maximize  the 

injection  efficiency  [6].  The  nominal  uncoupled  tunes  for 
this  setup  are  near  the  point  Ux  =  4.757  and  i/y  —  4.777, 
indicated  by  the  green  dot  in  Figure  1 .  To  get  to  the  proper 
working  point  for  slow  extraction  we  first  shift  Vx  down  to 
4.4  at  low  energy  where  we  are  able  to  correct  the  half  in¬ 
teger  resonance  using  the  normal  stop  band  correctors.  The 
tunes  move  along  the  path  indicated  by  the  dashed  line  in 
the  figure,  first  to  the  blue  point,  and  then  to  the  black  point. 
Figure  2  shows  the  effect  of  these  manipulations  on  the  cir¬ 
culating  beam  current.  As  can  be  seen  we  are  able  to  make 
these  changes  in  tune  space  with  little  or  no  beam  loss. 


Horizontal  Tune 


Figure  1:  Booster  Tune  Space  manipulations. 


Figure  2;  Beam  Current  Survival  during  tune  manipula¬ 
tions. 


ing  commissioning  we  verified  that  the  polarity  of  these 
power  supplies  was  correct  by  exciting  them  individually 
and  looking  at  single  BPM  signals. 


Extraction  Bumps  Configurations 

For  control  over  step  size  at  the  thin  septum  and  beam 
losses  on  the  thick  septum,  the  equilibrium  orbit  can  be  de¬ 
formed  at  the  thin  and  thick  septum  locations  using  a  set 
of  five  individually  controlled  power  supplies  connected  to 
trim  coils  on  selected  Booster  Main  sector  magnets.  Fig¬ 
ure  3  shows  a  MAD  simulation  of  the  equilibrium  orbit  (for 
non-resonant  beam)  with  the  locations  of  the  selected  bump 
magnets  indicated  by  the  red  arrows.  The  thin  septum  po¬ 
sition  and  skew  can  be  controlled  through  a  set  of  motor 
drives  connected  to  each  end  of  the  magnet.  The  thick  sep¬ 
tum  is  not  movable,  so  the  beam  position  at  that  location 
must  be  controlled  by  the  bumps  and  the  amount  of  exci¬ 
tation  in  the  thin  septum.  The  legend  in  the  figure  3  shows 
the  amount  of  current  in  the  magnets,  required  to  get  the 
desired  bump,  for  a  beam  rigidity  of  about  9.3  Tm.  Dur- 


Resonance  Excitation 

To  finally  extract  the  beam  the  resonant  sextupoles  have 
to  be  excited  and  the  beam  moved  into  the  resonance  by 
slowly  lowering  the  field  of  the  Booster  Main  Magnet.  This 
causes  the  tune  of  the  beam  to  be  slowly  shifted  down  into 
the  resonance  and  particles  enter  into  non-linear  betatron 
amplitude  growth.  As  the  step  size  increases  over  many 
turns  the  particles  eventually  either  hit  the  thin  septum  and 
are  lost  or  step  across  it  and  are  deflected  across  the  thick 
septum  and  then  bent  out  of  the  Booster  into  the  NSRL 
beam  line.  Figure  4  shows  the  circulating  beam  current  in 
the  Booster  slowly  decreasing  as  beam  enters  the  resonance 
and  is  extracted.  Figure  5  shows  the  beam  spill  as  seen 
on  an  external  ion  chamber  in  NSRL  beam  line.  Finally 
figure  6  shows  the  beam  as  seen  on  a  illumination  flag  in 
the  beam  line. 
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Equilibrium  Orbit  bump  for  NSRL  slow  extraction 
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Figure  5:  Beam  Spill  Seen  on  External  Ion  Chamber. 


Figure  4:  Beam  Excited  by  Resonant  Sextupoles  and  Ex¬ 
tracting. 
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Figure  6:  Beam  As  seen  on  external  flag. 
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Abstract 

The  Brookhaven  AGS  third  integer  resonant  extraction 
system  allows  the  AGS  to  provide  high  quality,  high  inten¬ 
sity  25.5  GeV/c  proton  beams  simultaneously  to  four  target 
stations  and  as  many  as  8  experiments.  With  the  increas¬ 
ing  intensities  (over  7x10^^  protons/pulse)  and  associated 
longer  spill  periods  (2.4  to  3  seconds  long),  we  continue  to 
run  with  low  losses  and  high  quality  low  modulation  con¬ 
tinuous  current  beams.  We  have  an  active  program  of  high 
energy  physics  experiments,  including  the  high  precision 
measurement  of  the  muons  magnetic  moment  [1]  and  the 
discovery  of  the  rare  Kaon  decay,  K-\-  n  +  i/u  [2]  This 
program  is  continuing  into  the  future  with  the  rare  symme¬ 
try  violating  process  experiments  [3]  currently  being  de¬ 
signed  to  operate  at  the  AGS.  In  this  paper  we  will  present 
results  from  operation  of  high  intensity  slow  extraction,  the 
problems  we  encounter,  and  our  solutions  to  those  prob¬ 
lems. 

INTRODUCTION 

The  Brookhaven  AGS  Resonant  extraction  system  and 
the  beam  transport  and  switchyard  systems  were  designed 
in  the  pre-AGS  Booster  era  [5,  6,  7],  when  the  kinetic  en¬ 
ergy  of  the  injected  beam  was  200  MeV  (50  MeV  even 
further  back  in  time).  In  the  post-Booster  era,  this  energy 
is  now  approximately  1.6  GeV.  For  these  two  energies  the 
ratio  of  p'y  is  approximately  3.5.  Therefore  the  maximum 
possible  beam  emittance  is  over  3.5  times  larger  for  post- 
Booster  high  intensity  beams.  Even  though  the  emittance 
is  larger,  through  careful  measurements  and  simulations  we 
have  been  able  to  find  optics  solutions  that  allow  clean  ex¬ 
traction  and  transport  of  these  high  intensity  beams. 

In  addition  to  the  larger  beams,  other  factors  have 
changed  significantly  since  the  design  of  the  AGS  SEB  sys¬ 
tems.  The  AGS  now  uses  fast  quadrupole  magnets  to  jump 
the  gamma  transition  point  during  acceleration.  For  mini¬ 
mal  beam  losses  to  occur  during  the  7*^,  jump  the  momen¬ 
tum  spread  of  the  beam  has  to  be  minimized.  This  puts 
constraints  on  how  large  the  longitudinal  emittance  can  be. 
This  is  due  to  the  highly  distorted  dispersion  function  cre¬ 
ated  by  the  fast  quadrupoles,  which  defines  the  momentum 
aperture  [8]. 

Our  experiences  with  extracting  high  intensity  protons 
has  been  discussed  previously  in  [4].  In  this  report  we  will 

*  Work  peifonned  under  Contract  Number  DE-AC02-98CH 10886  with 
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provide  an  update  on  our  experiences  since  that  report. 

SEB  HIGH  INTENSITY  PERFORMANCE 

Basic  performance  parameters  are  summarized  in  ta¬ 
ble  1. 


Table  1:  AGS  SEB  Performance  Parameters 


Parameter 

Value 

Units 

Momentum 

25.5 

GeV/c 

Peak  Intensity 

71.5 

10^^  proton/pulse 

Extract.  Eff. 

96-98 

% 

Transport  Eff. 

90-95 

% 

Rep.  Period 

4-8 

second 

Flattop  Length 

2-6 

second 

Spill  Length 

1, 8-5.8 

second 

Working  Point 

8.67/8.76 

Tune  (i/x,  Uy) 

Chromaticity 

-2.3/0.2 

Chrom.  (4®, 4) 

Beam  Loss  Issues 

The  primary  beam  loss  issues  in  the  past  had  not  been 
in  the  extraction  process  itself,  but  in  the  transport  of  the 
extracted  beam  to  target  stations.  Through  emittance  mea¬ 
surements  and  simulations  we  were  able  to  reduce  beam 
losses  in  the  primary  transport  to  very  tolerable  levels. 
Back  in  the  extraction  systems  we  find  the  extraction  ef¬ 
ficiency  drops  at  the  highest  intensities.  Figure  1  shows  the 
extraction  inefficiency  as  a  function  of  internal  beam  inten¬ 
sity.  At  around  5  x  10^^  the  inefficiency  makes  a  sudden 
jump  up  from  just  under  2  %  to  about  2.5  %.  We  operate 
the  AGS  with  the  vertical  chromaticity  positive  above  ^tr 
but  we  are  unable  to  operate  the  horizontal  chromaticity 
positive  since  the  current  set  of  sextupoles  are  not  strong 
enough.  We  have  no  direct  evidence  that  the  effect  is  a 
consequence  of  operating  with  a  negative  horizontal  chro¬ 
maticity.  Since  the  increased  beam  loss  is  modest  (0.5  %) 
we  tolerate  it.  There  is  some  cause  for  concern,  though, 
since  we  are  working  towards  even  higher  intensities  in  the 
future  and  at  1  x  10^^  this  loss  becomes  significant. 

Spill  Structure 

In  the  FY98/99  SEB  run  we  ran  into  a  new  problem; 
significant  spill  structure  not  associated  with  power  supply 
ripple.  In  the  FY02  run  we  observed  this  effect  again.  This 
spill  structure  was  analyzed  and  found  to  be  random  kilo¬ 
hertz  oscillations.  We  found  no  correlations  between  these 
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14  TP/spill 
VHP  RF  Off 
50  %  Modulated 


Figure  1 :  Extracted  beam  inefficiency  vs  internal  beam  in¬ 
tensity 


oscillations  and  power  supply  ripples.  The  power  supply 
ripple  only  accounted  for  about  20  %  of  the  spill  structure. 
At  high  intensity  the  spill  was  100  %  modulated  (intensity 
dependent).  Recall  that  the  spill  structure  is  a  consequence 
of  variations  in  velocities  in  tune  space: 

^  is  the  distribution  of  particles  in  tune  space.  Qq  is 
the  rate  at  which  this  distribution  is  pushed  into  the  reso¬ 
nance.  Qy  is  the  variations  in  the  rate  due  to  power  supply 
ripple.  When  there  is  very  little  power  supply  ripple,  the  re¬ 
maining  structure  is  a  consequence  of  the  rate  at  which  the 
beam  is  moved  into  resonance  and  the  distribution  of  the 
particles  in  tune  space.  The  random  kilohertz  structure  ap¬ 
pears  to  be  a  direct  reflection  of  the  distribution  of  particles 
in  tune,  or  more  properly,  momentum  space.  Our  solution 
to  this  problem  is  to  use  a  93  MHz  RF  (VHF)  cavity  during 
extraction,  placing  the  93  MHz  buckets  between  the  beam 
and  the  resonance,  such  that  the  particles  are  forced  be¬ 
tween  the  RF  buckets  before  going  into  non-linear  resonant 
growth.  Since  we  have  a  slight  negative  B  during  extrac¬ 
tion  the  RF  buckets  will  have  only  a  small  space  between 
which  the  beam  could  pass,  breaking  up  any  structure  that 
exists  in  the  beam.  This  potentially  puts  93  MHz  structure 
on  the  spill,  which  was  not  a  problem  for  the  experimenters 
using  the  beam.  Figure  2  shows  the  beam  spill  with  and 
without  the  VHF  cavity  on  during  extraction  and  at  differ¬ 
ent  intensities.  Although  the  VHF  cavity  cures  the  effect, 
it  is  nevertheless  unexplained.  This  phenomena  is  explored 
further  in  [10]. 

Electrostatic  Septum  Dark  Current 

One  significant  problem  which  effects  our  operation  is 
the  increasing  dark  current  of  the  electrostatic  septum  over 
the  period  of  a  run.  Figure  3  shows  the  septum  power  sup¬ 
ply  current  as  a  function  of  integrated  beam  intensity  during 
a  portion  of  a  physics  run.  Once  the  device  is  drawing  the 
higher  currents,  it  remains  drawing  those  currents  indefi¬ 
nitely.  To  return  it  to  the  lowest  current  levels  has  required 


34  TP/spill 
VHF  RF  Off 
70  %  Modulated 


61  TP/spill 
VHF  RF  Off 
90  %  Modulated 


61  TP/spill 
VHF  RF  On 
10  %  Modulated 


Figure  2:  Extracted  beam  spill  as  a  function  of  internal 
beam  intensity  with  and  without  VHF  on 


the  device  to  be  brought  back  up  to  air  and  cleaned.  At¬ 
tempts  to  condition  the  device  at  higher  voltages  have  not 
succeeded.  This  dark  current  effect  has  been  observed  in 
both  our  new  foil  septum  and  in  the  older  wire  septum,  A 
detailed  description  of  the  new  foil  septum  is  found  in  [12]. 


Figure  3:  Electrostatic  septum  power  supply  current  vs  in¬ 
tegrated  beam  intensity.  Data  labels  indicate  the  high  volt¬ 
age  as  measured  at  the  time. 
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CONCLUSIONS 

The  AGS  SEE  system  is  able  to  supply  high  quality, 
high  intensity  proton  beams  for  multiple  simultaneous  ex¬ 
periments.  We  are  able  to  contend  with  instabilities  that 
arise  from  the  high  current  accelerated  beams,  as  well 
as  unexpected  effects,  such  as  spill  structure  uncorrelated 
with  power  supply  ripple.  For  the  AGS  the  VHF  cavity 
has  proven  to  be  invaluable  for  diluting  longitudinal  phase 
space  and  now  for  smoothing  spill  structure. 
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LHC  PILOT  BUNCHES  FROM  THE  CERN  PS  BOOSTER 

M.  Benedikt,  CERN,  Geneva,  Switzerland 


Abstract 

For  the  first  commissioning  phase  of  the  LHC,  a  single 
proton  bunch  is  required.  The  production  of  this  so-called 
“LHC  pilot  bunch”  will  follow  a  different  scheme  than 
the  one  of  the  nominal  LHC  proton  bunch  train.  Both  the 
transverse  and  the  longitudinal  LHC  bunch  characteristics 
should  already  be  established  in  the  PS  Booster,  The 
parameter  space  for  the  LHC  pilot  bunch  spans  a  factor 
66  in  beam  brightness.  The  intensity  should  be  variable 
by  a  factor  of  22  from  5.0-10^  to  1.M0^^  covering  the 
range  from  the  LHC  quench  limit  up  to  the  intensity  of  a 
nominal  LHC  bunch.  The  transverse  emittances  (at 
Booster  ejection)  should  be  adjustable  in  the  range 
0.85  Tipm  ^  £iiorm,rms  —  2.5  7ipm,  while  the  longitudinal 
emittance  is  kept  constant  at  0,3  eVs,  slightly  below  the 
nominal  one  (0.35  eVs).  To  cover  the  whole  parameter 
space,  a  mixture  of  several  ingredients  was  required: 
intensity  adjustment  with  low  voltage  rf-capture; 
definition  of  the  transverse  emittance  with  shavers; 
controlled  blow-up  followed  by  longitudinal  shaving  to 
define  the  longitudinal  emittance.  All  beam  variants  were 
produced  on  harmonic  two,  with  only  one  bunch  being 
sent  to  the  downstream  accelerator  chain.  To  cover  also 
the  lowest  intensity  side,  the  Linac  beam  was  reduced  by 
a  factor  5  with  a  “sieve”.  The  pilot  bunches  corresponding 
to  the  “comers”  of  the  parameter  space  and  a  few  selected 
inner  reference  points  were  successfully  produced  in  the 
PS  Booster. 

INTRODUCTION 

The  PS-Booster  (PSB)  is  the  first  circular  machine  in 
the  LHC  proton  injection  chain.  For  production  of  the 
nominal  LHC  beam  [1],  a  horizontal  three-tum  injection 
is  used  to  accumulate  the  50  MeV  Linac  beam.  The  multi- 
turn  injection  process  in  the  PSB  determines  the 
transverse  emittances  of  the  beam  and  therefore  the  final 
LHC  beam  brightness.  On  the  contrary,  the  longitudinal 
characteristic  of  the  nominal  LHC  beam  is  only  fixed  at 
ejection  from  the  PS.  Complicated  RF  gymnastics  (triple 
splitting  from  harmonics  7  to  21  at  injection  and  two 
double  splittings  from  harmonics  21  to  42  and  84  before 
ejection),  employing  also  some  controlled  longitudinal 
beam  blow-up,  are  performed  in  the  PS  to  generate  the 
nominal  bunch  train  for  the  LHC  [2]. 

The  situation  is  rather  different  for  the  first 
commissioning  phase  of  the  LHC,  where  only  a  single 
proton  bunch  will  be  required.  The  production  of  this 
pilot  bunch  will  follow  a  completely  different  scheme 
than  the  production  of  the  nominal  LHC  proton  bunch 
train.  Not  only  the  transverse  but  also  the  longitudinal 
bunch  characteristics  will  have  to  be  established  in  the 
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PSB  thus  avoiding  all  longitudinal  gymnastics  in  the  PS. 
After  ejection  from  the  PSB,  the  pilot  bunch  should  be 
passed  on  to  the  LHC  by  the  downstream  machines  with 
the  main  concerns  being  to  keep  the  bunch  characteristics 
unchanged  and  to  minimize  longitudinal  and  transverse 
blow-ups, 

PARAMETER  SPACE 

At  present  the  various  strategies  for  LHC  start-up  and 
the  first  commissioning  phase  with  beam  are  still  being 
discussed  and  consequently  no  definite  specifications  for 
an  LHC  pilot  bunch  have  been  formulated.  One  of  the 
main  goals  was  therefore  to  develop  a  flexible  strategy  for 
pilot  bunch  production  that  allows  a  large  variation  of 
beam  parameters  to  be  best  adapted  to  whatever  will  be 
requested  by  the  LHC.  For  an  estimate  of  the  required 
parameter  space  some  LHC  key  figures  were  used: 

•  Intensity:  The  number  of  protons  in  the  bunch 
should  be  variable  from  5.0*10^  to  LM0^^  The 
lower  figure  corresponds  to  the  LHC  quench  limit 
at  injection  energy  (450  GeV)  and  the  higher  is  the 
intensity  of  a  nominal  bunch. 

•  Transverse  emittance:  Normalised  horizontal  and 
vertical  rms  emittances  should  be  adjustable  in  the 
range  from  0.85  7ijimto  2,5  7Tpmat  PSB  ejection 
energy  of  1.4  GeV.  The  2.5  7Cp,m  correspond  to 
the  nominal  emittance  of  the  LHC  beam  (3.  5  7tpm 
at  LHC  injection).  The  emittance  variation  should 
allow  aperture  scans,  orbit  adjustments  and  first 
dynamic  aperture  studies. 

•  Longitudinal  emittance:  This  is  the  only  pilot 
bunch  parameter  that  is  foreseen  to  be  kept 
constant  at  0.3  eVs  (at  PSB  ejection),  which  is  just 
slightly  below  the  nominal  longitudinal  emittance 
of  0.35  eVs  (in  the  LHC)  thus  allowing  for  some 
additional  blow  up  in  the  injector  chain. 

Combining  the  above  requirements  of  an  intensity 
variation  by  a  factor  22  and  a  transverse  emittance 
variation  by  a  factor  3  shows  that  the  parameter  space  for 
the  LHC  pilot  bunch  spans  a  factor  66  in  beam  brightness 
defined  as  ratio  of  protons  per  bunch  and  normalized 
emittance,  Vb/Sn*  A  graphical  representation  of  the 
parameter  space  is  given  in  Figure  1. 

The  production  of  the  pilot  bunches  is  further 
complicated  by  the  fact  that  neither  the  required  low 
bunch  intensities  nor  the  longitudinal  emittance  of 
0.3  eVs  correspond  to  the  typical  working  range  of  the 
PSB.  In  standard  operation  beams  with  up  to 
protons  per  bunch  and  longitudinal  emittances  of  typically 
1.5  eVs  are  produced. 
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Figure  1:  LHC  pilot  bunch  parameter  space. 


STRATEGY  FOR  PILOT  PRODUCTION 

During  2002  several  machine  development  sessions  on 
the  subject  of  LHC  pilot  bunch  production  were 
performed  on  the  PSB.  The  first  step,  before  any  detailed 
optimization  work  could  start,  was  to  develop  a  strategy 
enabling  to  produce  and  to  change  the  very  different  beam 
variants  within  a  reasonable  amount  of  time.  To  cover  the 
whole  pilot  beam  parameter  space,  a  mixture  of  /several 
ingredients  was  required. 

Longitudinal  emittance 

The  control  of  this  parameter  is  straightforward  and  the 
required  value  of  0.3  eVs  was  achieved  by  longitudinal 
shaving.  For  this  the  rf  voltage  was  reduced  to  limit  the 
bucket  acceptance  of  0.3  eVs  approximately  in  the  middle 
of  acceleration.  Afterwards  the  rf  voltage  is  again  raised 
to  the  nominal  8  kV  required  for  a  correct  longitudinal 
matching  with  the  PS  rf  system. 

Transverse  emittances 

Independent  horizontal  and  vertical  “shavers”  are  used 
for  emittance  control  in  the  PSB.  For  each  plane  the 
system  uses  a  single  correction  dipole  to  deflect  the  orbit 
towards  an  aperture  limitation  where  the  beam  is  shaved 
in  betatron  amplitudes.  This  process  is  applied  directly 
after  rf  capture  at  the  beginning  of  acceleration.  At  this 
moment,  there  is  almost  no  adiabatic  damping  and  the 
physical  beam  size  is  still  large,  improving  the  precision 
of  the  shaving. 

Intensity  (beam  brightness) 

Variation  of  the  beam  brightness  by  a  factor  66  is  the 
most  challenging  issue;  for  every  transverse  emittance 
value  established  by  beam  shaving,  an  additional  factor 
22  in  intensity  variation  is  required.  For  this  a 
combination  of  three  different  techniques  was  used. 

1 .  The  longitudinal  phase  space  density  was 
controlled  in  two  steps.  Firstly  the  rf  voltage 
during  the  bunching  process  was  varied  hereby 
changing  the  part  of  the  unbunched  linac  beam 
that  is  captured  and  accelerated.  Secondly 
controlled  longitudinal  blow  up  was  applied 
during  the  first  half  of  the  acceleration  cycle  to 


depopulate  the  longitudinal  phase  space.  This 
was  done  with  a  higher  harmonic  rf  system  [3]. 
The  final  longitudinal  emittance  is  then  fixed 
afterwards  by  shaving  with  the  principal  rf 
system.  Applying  more  or  less  blow  up  gives  a 
good  control  of  the  longitudinal  density  and, 
since  there  is  quasi  no  coupling  between 
transverse  and  longitudinal  phase  spaces  in  the 
PSB,  the  effect  is  equivalent  to  a  change  of  the 
transverse  beam  brightness.  In  this  way  an 
intensity  (brightness)  variation  of  up  to  a  factor  4 
could  be  achieved. 

2.  The  (transverse)  brightness  of  the  beam  in  the 
PSB  can  be  influenced  by  the  settings  used  for 
the  multi  turn  injection  process.  The  most 
effective  parameters  are  the  steering  and  the 
betatron  matching  of  the  injection  line,  the 
horizontal  and  vertical  tunes  of  the  machine  and 
the  fine  timing  of  the  “slow”  injection  bumpers. 
A  brightness  variation  of  a  factor  2  was  achieved 
with  the  different  settings. 

3.  The  intensity  (brightness)  of  the  linac  beam  can 
be  changed  by  a  sharp  factor  5.  This  was  done 
with  the  so-called  “sieve”  which  is  a  mechanical 
device  installed  in  the  injection  line  that  allows 
only  about  20%  of  the  beam  to  pass  through. 

Combining  the  first  two  techniques  allows  continuous 
variation  of  the  beam  intensity  by  a  factor  8,  applying  the 
multiplicative  factor  5  provided  by  the  “sieve”  intensity 
reduction  allows  to  cover  the  complete  LHC  pilot  bunch 
parameter  space.  The  upper  part  of  Figure  2  shows  the 
voltages  of  second  harmonic  and  blow-up  rf  systems  for 
generation  of  the  5.0-10^-0.85  TCpm  pilot  bunch  along  the 
acceleration  cycle.  The  effects  of  capture  voltage,  beam 
blow  up,  transverse  and  longitudinal  shavings  on  the 
evolution  of  the  beam  current  are  shown  in  the  lower  part. 


Figure  2:  RF  voltages  and  beam  intensity  along  the  cycle. 
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Beam  loss  issues 

The  maximum  loss  when  producing  pilot  bunches  with 
the  described  strategy  amounts  to  about  10^^  protons  per 
cycle  where  most  of  the  loss  occurs  at  injection  energy. 
This  is  to  be  compared  with  beam  losses  in  the  order  of 
10^^  protons  per  cycle  for  day-to-day  high  intensity 
operation. 


BEAM  TESTS 

Machine  set  up 

All  beam  tests  were  performed  in  ring  3  of  the  PSB.  A 
three-turn  injection,  similar  to  the  one  used  for  the 
nominal  LHC  beam,  was  used  as  starting  point  for  the  set¬ 
up.  Experience  during  the  last  years  has  shown  that  this 
type  of  injection  is  best  suited  for  a  good  reproducibility 
and  stability  which  is  essential  for  both  the  nominal  LHC 
and  the  pilot  bunch  beams.  Resonance  compensation  and 
working  point  optimization  are  less  of  an  issue  because 
the  (vertical)  incoherent  space  charge  tune  spread  at 
injection  is  significantly  smaller  than  in  the  case  of  the 
nominal  beam  where  AQv<-0.45.  In  contrast  to  the 
nominal  beam  all  pilot  bunch  variants  were  produced  with 
the  second  harmonics  rf  system.  Obviously  this  generates 
two  pilot  bunches  but  only  one  is  being  sent  to  the 
downstream  accelerator  chain.  The  use  of  h-1  for 
acceleration  has  two  advantages  from  the  operational 
point  of  view.  The  second  harmonics  rf  system  is 
naturally  better  suited  to  the  production  of  a  relatively 
small  longitudinal  emittance  (first  and  second  harmonics 
systems  have  the  same  nominal  voltage  of  8  kV)  and  by 
accelerating  two  bunches,  the  intensity  in  the  machine  is 
doubled  hereby  relaxing  the  demands  on  the  dynamic 
range  of  various  control  loops. 

Results 

To  validate  the  proposed  strategy,  pilot  bunches 
corresponding  to  the  comers  of  the  parameter  space  and  a 
few  selected  reference  points  were  produced  in  ring  3  of 
the  PSB.  Pilot  bunches  exist  in  two  flavors:  one  group, 
with  intensities  between  5-10^  and  2.0-10^°  was  fabricated 
by  using  the  sieve  for  Linac  beam  intensity  reduction,  the 
other  group  with  intensities  between  2.5-10^°  and  l.MO^^ 
was  based  on  the  nominal  Linac  beam.  Figure  3  shows  the 
LHC  pilot  bunch  parameter  space,  the  reference  beams 
that  were  produced  in  2002  are  indicated  as  large  spots. 

It  is  interesting  to  note  that  the  bunch  corresponding  to 
the  bottom  right  comer  in  Figure  3  features  an  incoherent 
space  charge  tune  shift  of  AQv«-0.13  at  SPS  injection. 
This  is  three  times  the  tune  shift  of  a  nominal  LHC  bunch 
and  might  be  at  the  limit  of  what  can  be  accepted  by  the 
SPS. 

The  intensities  were  observed  to  be  stable  on  all  bunch 
variants  to  better  than  ±10%,  corresponding  to  LHC 
demands.  It  is  worth  looking  at  the  figures  in  a  bit  more 
detail:  ±10%  of  the  lowest  intensity  pilot  bunch 
corresponds  to  a  fluctuation  below  ±5*10®  protons.  This  is 
a  factor  5*10'^  smaller  than  the  maximum  intensity  of 


10^^  protons  that  can  be  obtained  from  ring  3,  underlining 
the  versatility  of  the  PSB. 


Bunch  intensity  [E10] 


Figure  3:  LHC  pilot  bunches  produced  in  the  PSB. 


CONCLUSIONS 

For  the  first  commissioning  phase  of  the  LHC  a  single 
bunch  will  be  required.  All  beam  parameters  of  this  pilot 
bunch  should  already  be  defined  and  fixed  at  ejection 
from  the  PSB  in  contrast  to  the  production  scheme  for  the 
nominal  LHC  beam,  where  all  the  longitudinal 
characteristics  is  established  in  the  PS.  Presently  the 
requirements  for  the  LHC  pilot  bunch  are  not  fixed;  for 
this  reason  a  relatively  large  parameter  space  was  defined 
using  critical  LHC  parameters  as  input.  This  parameter 
space  spans  a  factor  66  in  beam  brightness  and  an 
operational  strategy  for  the  PSB  was  developed  in  order 
to  produce  the  different  pilot  bunch  variants  and  to 
facilitate  the  switching  between  them.  As  a  proof  of 
principle,  the  most  demanding  beam  variants  have  been 
produced  during  2002.  The  observed  stability  and 
reproducibility  corresponded  to  the  stringent  LHC 
requirements. 
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AN  8-GEV  SYNCHROTRON-BASED  PROTON  DRIVER* 

W.  Chou^  for  the  Proton  Driver  Study  Group,  FNAL,  Batavia,  IL  60510,  USA 


Abstract 

In  January  2002,  the  Fermilab  Director  initiated  a 
design  study  for  a  high  average  power,  modest  energy 
proton  facility.  Such  a  facility  is  a  possible  candidate  for  a 
construction  project  in  the  U.S.  starting  in  the  middle  of 
this  decade.  The  key  technical  element  is  a  new  machine, 
dubbed  the  "Proton  Driver,"  as  a  replacement  of  the 
present  Booster.  The  study  of  an  8-GeV  synchrotron- 
based  proton  driver  has  been  completed  and  published  [1]. 
This  paper  will  give  a  summary  report,  including  machine 
layout  and  performance,  optics,  beam  dynamics  issues, 
technical  systems  design,  civil  construction,  cost  estimate 
and  schedule. 

INTRODUCTION 

A  Proton  Driver,  which  is  a  high  average  power,  modest 
energy  proton  facility,  offers  an  interesting  future  physics 
program  in  the  U.S.  For  example,  neutrino  physics 
(neutrino  superbeam,  off-axis  neutrino  experiments,  and  a 
neutrino  factory),  neutron  electric  dipole  moment  (EDM) 
measurement,  neutron-antineutron  oscillations,  intense 
cold  muon  beams,  a  precision  test  of  CPT,  etc.  [2] 

There  have  been  several  iterations  on  machine  studies 
at  Fermilab.  Following  the  completion  of  a  16-GeV 
proton  driver  design  [3],  the  Fermilab  Director  issued  a 
charge  requesting  Proton  Driver  Study  II  (PD2)  on  an  8- 
GeV  proton  driver.  A  major  objective  in  the  PD2  study  is 
to  reduce  the  up  front  construction  cost. 

PD2  explores  two  possible  upgrade  options:  an  8-GeV 
high  intensity  proton  synchrotron,  or  an  8-GeV  proton 
linac.  Both  options  are  illustrated  in  Figure  1.  This  paper 
is  a  summary  report  of  the  synchrotron-based  design.  For 
details  the  readers  are  referred  to  Ref  [1]. 


Figure  1 :  Layout  of  the  two  options  of  an  8-GeV  Proton 
Driver:  a  synchrotron  (yellow),  or  a  linac  (red). 


LAYOUT  AND  PERFORMANCE 

In  Figure  1,  the  racetrack-shaped  machine  (in  yellow)  is 
a  new  8-GeV  synchrotron,  or  the  Proton  Driver.  Also 
shown  (in  yellow)  are  the  injection  line  (from  the  existing 
linac)  and  extraction  line  (to  the  existing  Main  Injector). 
The  Proton  Driver  has  a  circumference  of  474.2-m,  the 
same  as  the  present  Booster. 

The  main  parameters  are  listed  in  Table  1.  The  linac 
maximum  beam  energy  is  increased  from  400  MeV  to  600 
MeV.  The  required  beam  intensity  is  50  mA,  usable  pulse 
length  90  p,sec,  and  repetition  rate  15  Hz,  all  achievable  in 
the  present  Linac.  These  numbers  correspond  to  2.8  x  10^^ 
protons  per  pulse  injected  into  the  Proton  Driver. 
Allowing  reasonable  beam  losses  during  the  cycle  (10% 
at  injection,  1%  during  ramp  and  at  extraction),  the  design 
value  is  2.5  x  10^^  protons  per  pulse  extracted  from  the 
Proton  Driver.  At  1 5  Hz  and  8  GeV,  the  beam  power  is 
about  0.5  MW.  With  a  Proton  Driver,  the  present  Main 
Injector  can  also  be  readily  upgraded  to  2  MW,  a  would- 
be  most  powerful  machine  in  the  world  [4]. 


Table  1 :  Parameters  of  the  Proton  Driver 


Linac  (operating  at  15  Hz) 

Kinetic  energy  (MeV) 

600 

Peak  current  (mA) 

50 

Pulse  length  (ps) 

90 

H"  per  pulse 

2.8x10'^ 

Average  beam  current  (pA) 

67 

Beam  power  (kW) 

40 

Synchrotron  (operating  at  15  Hz) 

Extraction  kinetic  energy  (GeV) 

8 

Protons  per  bunch 

3x  10" 

Number  of  bunches 

84 

Protons  per  cycle 

2.5  X  10" 

Protons  per  hour 

1.35  X  10’* 

Norm  transverse  emittance  (mm-mrad) 

40;i 

Longitudinal  emittance  (eV-s) 

0.2 

53 

60 

0.5 

Compared  with  the  present  Booster,  the  Proton  Driver 
would  deliver  5  times  more  protons  per  cycle  and  10 
times  more  beam  power.  In  order  to  achieve  such  an 
improvement  in  performance,  the  following  measures  are 
adopted  in  the  PD2  design: 

•  The  linac  energy  is  increased  front  400  MeV  to 
600  MeV.  (The  space  charge  scaling  factor  is 
increased  by  -'50%) . 

•  The  tunnel  is  twice  as  deep  (27  ft.). 

•  The  magnets  have  large  aperture.  The  good  field 
region  is  4  in  x  6  in. 
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•  The  lattice  has  no  transition  crossing  (Yt  =  13.8). 

•  The  lattice  has  smaller  beta-functions  and 
dispersion  (max  =  15.1  m,  max  Py  =  20.3  m, 
max  Dx  =  2.5  m). 

•  The  RF  cavity  aperture  is  increased  to  5  inches, 

•  The  lattice  has  zero-dispersion  long  straight 
sections  for  the  RF. 

•  The  injected  beam  will  be  painted  in  transverse 
phase  space  to  reduce  space  charge  effects. 

•  The  resonant  power  supply  system  is  dual¬ 
harmonic  (15  Hz  plus  a  12.5%  30  Hz 
component).  This  reduces  the  required  peak  RF 
power  by  25%. 

•  A  carefully  designed  2-stage  collimator  system 
that  will  collect  99%  of  the  uncontrolled  beam 
loss. 

•  There  is  a  perforated  metal  liner  shielding  the 
beam  from  the  magnet  laminations. 

•  The  correctors  (steering  magnets  and  trim  quads) 
are  ac  powered  and  have  sufficient  strength  to 
make  corrections  through  the  full  acceleration 
cycle. 

•  Space  has  also  been  reserved  between  the  linac 
and  the  ring  for  a  future  linac  energy  upgrade  up 
to  1 .9  GeV .  (The  600-MeV  beam  transport  line  is 
254-m  long.) 

With  these  measures,  it  is  believed  that  the  Proton 
Driver  can  reach  the  required  beam  intensity  while 
keeping  the  beam  loss  imder  control. 

OPTICS  AND  BEAM  DYNAMICS 

Lattice 

Lattice  is  the  foundation  of  a  synchrotron.  It  is  worth 
making  every  effort  to  investigate  all  possible  lattice 
candidates  and  choose  the  best  one. 

There  are  two  basic  requirements  on  the  design:  a 
transition-free  lattice,  and  several  dispersion-free  straight 
sections.  For  high  intensity  operation  in  proton 
synchrotrons,  transition  crossing  is  often  a  major  cause  of 
beam  loss  and  emittance  blowup.  One  should  avoid  it  in 
the  first  place.  Dispersion  in  the  RF,  which  is  placed  in 
one  or  more  straight  sections,  may  lead  to  S5nichro- 
betatron  coupling  resonance  and  should  also  be  avoided. 
Other  requirements  include  small  beta  and  dispersion 
functions,  large  dynamic  aperture,  and  ample  free  space 
for  correctors  and  diagnostics. 

A  total  of  about  a  dozen  lattices  have  been  studied.  The 
chosen  one  is  a  doublet  3-cell  modular  structure  with  a 
short  dipole  in  the  mid-cell,  as  shown  in  Figure  2.  It  meets 
all  the  requirements.  The  lattice  consists  of  two  arcs  and 
two  straight  sections  and  has  2-fold  symmetry.  The  details 
can  be  found  in  Ref  [5]. 


♦Work  supported  by  the  Universities  Research  Association,  Inc.  under 
wntract  No.  DE-AC02-76CH03000  with  the  U.S.  Dept,  of  Energy. 
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Figure  2:  Lattice  module  of  the  Proton  Driver.  Each 
module  has  three  doublet  cells.  The  dipole  in  the  mid-cell 
is  short.  The  phase  advance  per  module  is  0.8  and  0.6  in 
the  h-  and  v-plane,  respectively.  There  are  five  modules  in 
each  arc. 

Space  Charge 

Amongst  various  beam  physics  issues,  the  space  charge 
is  a  major  concern.  It  is  often  the  bottleneck  limiting  the 
beam  intensity  in  an  intense  proton  source,  in  particular, 
in  a  synchrotron,  because  the  injection  energy  is  low. 


Fi^e  3:  Space  charge  simulation  using  Track2D  (by  C. 
Prior).  It  shows  the  particle  distribution  after  45  turns 
injection  in  the  Proton  Driver  with  (left)  and  without 
(right)  the  space  charge  effect. 

Numerical  simulation  codes  Track2D  and  ORBIT  are 
used  in  the  design.  They  are  particularly  useful  in  helping 
determine  the  working  point  and  painting  method  so  that 
one  may  avoid  resonance  and  minimize  emittance 
dilution.  Figure  3  illustrates  how  space  charge  dilutes  the 
beam  during  multi-turn  injection. 

TECHNICAL  SYSTEMS 

All  technical  systems  have  been  designed.  Here  is  a 
summary  of  each  system.  The  details  can  be  seen  in  the 
corresponding  chapters  in  Refs,  [1]  and  [3]. 

RF 

The  RF  system  in  the  present  Booster  will  be  reused. 
Thanks  to  a  dual  harmonic  magnet  power  supply  (see 
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below),  the  peak  RF  power  is  reduced  from  1.4  MW  to 
1.06  MW,  which  the  present  system  can  deliver.  But  the 
RF  cavity  bore  will  be  enlarged  from  2-1/4  inch  to  5  inch. 

Magnets 

The  magnets  have  a  good  field  region  of  4  in  x  6  in. 
The  dipole  peak  field  is  1.5  Tesla.  The  lamination  uses 
Ml 7  silicon  steel.  There  are  12  turns  per  pole.  The  copper 
conductor  contains  a  cooling  hole.  In  order  to  have  a 
balance  between  low  ac  losses  and  a  tolerable  voltage-to- 
ground,  three  conductors  and  top/bottom  coils  are 
connected  in  parallel.  An  ac  field  measurement  facility 
has  been  set  up  at  the  E4R  area  for  measuring  the  field  at 
15  Hz. 

Power  Supplies 

A  main  feature  of  the  power  supplies  is  that  it  is  a  dual 
harmonic  resonant  system.  On  top  of  15  Hz  there  is  a 
12.5%  30  Hz  component  in  the  magnet  current.  This 
reduces  the  peak  RF  power  by  25%  and  increases  the  up- 
ramp  time  by  14%.  A  bench  test  of  this  system  will  be 
performed  by  using  the  Booster  magnets  at  the  E4R. 

Vacuum 

The  original  design  uses  an  external  vacuum  skin  for 
the  magnets  and  metallic  perforated  liners  to  shield  the 
beam  from  the  lamination.  However,  a  new  design,  which 
employs  a  thin  metallic  pipe  reinforced  by  spiral  ribs, 
looks  promising  and  would  be  a  better  choice  [6]. 

Beam  Loss  and  Collimation 

The  beam  loss  budget  is  10%  at  injection  and  1% 
during  acceleration  and  at  extraction.  Among  these  losses, 
most  would  be  collected  by  a  2-stage  collimation  system, 
which  has  efficiency  close  to  99%,  leaving  the 
uncontrolled  loss  in  the  rest  of  the  machine  below  1  W/m. 

Injection 

One  important  advantage  of  a  synchrotron-based  Proton 
Driver  is  the  low  injection  beam  power.  This  makes  the 
injection  much  easier  compared  with  a  linac-based 
approach.  The  stripping  foil  temperature  rise  is  only  about 
800  K.  A  painting  scheme  has  been  worked  out  to  obtain  a 
uniformly  distributed  beam  in  the  phase  space  with  small 
emittance  dilution  caused  by  the  space  charge. 

Extraction 

This  is  an  improved  version  of  what  is  used  in  the 
present  Booster.  In  particular,  the  orbit  bumps  (doglegs) 
are  longer  and  weaker  in  order  to  minimize  the  so-called 
dogleg  effect,  which  was  recently  found  to  have  a 
significant  impact  on  the  Booster  performance  [7]. 

H  Source  and  Linac 

The  H'  source  and  the  linac  front  end  will  be  upgraded. 
While  the  linac  beam  current  will  remain  about  the  same 
(50  mA),  the  brightness  will  be  increased  by  a  factor  of  3, 
the  pulse  length  increased  from  25  ps  to  90  ps.  The 


Cockcroft-Walton  will  be  replaced  by  an  RFQ.  There  will 
also  be  a  linac  extension  from  400  MeV  to  600  MeV. 

Civil  Construction  and  Shielding 

The  Proton  Driver  enclosure  is  16  ft  x  9  ft  with  24.5  ft 
of  equivalent  earth  radiation  shielding.  It  is  twice  deeper 
than  the  Booster  tunnel. 

COSTAND  SCHEDULE 

A  cost  estimate  to  build  a  Proton  Driver  at  Fermilab  has 
been  done  by  a  bottom-up  method.  Namely,  the  technical 
system  designs  were  given  to  the  engineers  in  each 
relevant  department.  They  came  up  with  a  cost  estimate 
based  on  their  experiences  building  similar  systems 
before.  These  costs  were  summed  up,  adding  to  it  the 
EDIA  (17%),  lab  overhead  (13%)  and  contingency  (30%). 
The  total  estimated  cost  (TEC)  is  $235  M  in  FY02  dollars. 

Because  this  project  is  yet  to  be  approved  by  the 
funding  agency,  there  is  an  xmcertainty  on  the  starting  date 
of  construction.  The  construction  would  take  about  four 
years.  In  a  most  optimistic  scenario,  the  groundbreaking 
could  be  in  2005.  The  machine  operation  would  then  start 
around  2009. 
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Abstract 

An  effective  way  to  increase  the  luminosity  in  the 
Fermilab  Tevatron  collider  program  Run2  is  to  improve 
the  overall  antiproton  transfer  efficiency.  During 
antiproton  coalescing  in  the  Main  Injector  (MI),  about  10- 
15%  particles  get  lost.  This  loss  could  be  avoided  in  a  new 
antiproton  transfer  scheme  that  removes  coalescing  from 
the  process.  Moreover,  this  scheme  would  also  eliminate 
emittance  dilution  due  to  coalescing.  This  scheme  uses  a 
2.5  MHz  RF  system  to  transfer  antiprotons  from  the 
Accumulator  to  the  Main  Injector.  It  is  then  followed  by  a 
bunch  rotation  in  the  MI  to  shorten  the  bunch  length  so 
that  it  can  be  captured  by  a  53  MHz  RF  bucket. 
Calculations  and  ESME  simulations  show  that  this 
scheme  works.  No  new  hardware  is  needed  to  implement 
this  scheme. 


INTRODUCTION 

To  increase  the  luminosity  in  the  Fermilab  Tevatron 
collider  program  Run2,  one  must  increase  the  number  of 
antiprotons  (pbars)  during  collision.  Currently  the  overall 
pbar  transfer  efficiency  stays  around  65%.  Where  do  we 
lose  them?  From  the  pbar  intensity  plot  (Fig.  1),  there  are 
two  obvious  places.  One  is  in  the  Tevatron,  about  20% 
loss  from  injection  to  collision.  Another  is  in  the  Main 
Injector,  about  10-15%  loss  during  pbar  coalescing.  It  is 
the  latter  that  we  want  to  get  rid  of  so  that  the  efficiency 
could  be  improved.  Moreover,  the  new  method  would 
eliminate  emittance  dilution  during  coalescing,  which  also 
helps  increase  the  luminosity. 

The  present  pbar  transfer  scheme  is  as  follows.  In  the 
Antiproton  Accumulator,  the  pbars  are  first  captured  by 
the  2.5  MHz  RF  buckets.  Then  they  split  to  small  pieces 
and  re-captured  by  the  53  MHz  buckets.  These  small 
pieces  are  transferred  to  the  MI  53  MHz  buckets  and 
accelerated  to  150  GeV.  Then  a  reverse  process,  called  the 
coalescing,  occurs.  Namely,  these  small  pieces  are 
recombined  in  the  2.5  MHz  buckets  to  form  big  bunches 
and  rotated.  These  rotated  bunches  are  once  again 
captured  by  the  53  MHz  buckets  and  ejected  from  the  MI 
to  the  Tevatron.  This  complicated  beam  gymnastics 
works.  However,  beam  loss  and  emittance  dilution  during 
coalescing  have  always  been  a  concern.  In  the  following 
sections,  we  propose  a  new  scheme  that  will  eliminate 
coalescing  in  the  process. 

NEW  SCHEME 

We  give  a  step-by-step  description  of  how  this  new 
scheme  works: 

1 .  The  required  longitudinal  phase  space  density  in 
the  Accumulator  is  6-8el0  pbars  per  eV-s,  with 
the  1st  transfer  having  higher  density  and  the  9th 


transfer  lower  density.  While  this  is  a  modest 
number  compared  with  what  was  achieved  in 
Runlb  (Fig,  2)  [1],  we  need  about  50%  increases 
from  where  we  are  now  in  Run2a  (Fig.  3). 
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Figure  1:  Pbar  intensity  plot  of  the  8  most  recent  shots  as 
of  May  9,  2003.  The  first  big  drop  is  the  loss  during 
coalescing.  The  remaining  losses  are  in  the  Tevatron. 
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Figure  2:  Run  lb  longitudinal  phase  space  density  at  the 
peak  of  the  antiproton  momentum  distribution  just  prior  to 
unstacking  as  a  function  of  stack  size,  Ref.  [1]. 


Remaining  Stack  (mA) 

Figure  3:  Run2a  longitudinal  phase  space  density  as  a 
function  of  stack  size. 
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2.  Use  ARF4  (h  =  4,  2.5  MHz,  9.5  V)  to  capture  4 
bunches  from  the  cooled  core.  The  bucket  size  is 
0.37  eV-s.  Each  bucket  contains  3el0  pbars 
(Run2a  goal).  The  bucket  size  will  be  gradually 
increased  to  0.47  eV-s  from  the  1st  to  the  9th 
transfer  while  keeping  the  number  of  pbars  per 
bucket  constant.  The  corresponding  voltage 
increase  is  from  9.5  to  15.3  V. 

3.  Move  these  bunches  to  the  extraction  orbit  and 
increase  the  RF  voltage  adiabatically  to  100  V 
for  narrowing  the  bunches. 

4.  Extract  the  4  bunches  and  inject  them  into  the 
carefiilly  phase-matched  2.5  MHz  RF  bucket  (h 
=  28)  in  the  Main  Injector. 

5.  The  MI  2.5  MHz  RF  is  set  at  its  maximum 
voltage  (60  kV).  A  bunch  rotation  will  occur 
immediately  after  the  injection.  The  bunch  length 
will  be  compressed  to  about  ±6  ns.  (An 
alternative  approach  is  to  set  the  MI  2.5  MHz  RF 
at  the  matched  voltage  0.25  kV  to  receive  the 
bunches  prior  to  bunch  rotation.) 

6.  Capture  these  bunches  by  the  h  =  588  RF  in  the 
MI  (52.81  MHz,  693  kV).  The  bunch  spacing 
will  be  396  ns. 

7.  Adiabatically  increase  the  h  =  588  RF  voltage  to 
1.8  MV  to  increase  the  bucket  size  and  narrow 
the  bunches.  Accelerate  the  4  bunches  to  150 
GeV  and  inject  them  into  the  Tevatron. 

8.  Repeat  this  process  9  times. 

The  results  obtained  from  analytic  calculations  and 
numerical  simulations  using  ESME  are  in  general 
agreement.  Both  show  that  this  scheme  works.  Fig.  4  are 
the  plots  from  ESME. 

BEAM  PHYSICS  ISSUES 

Longitudinal  Density  Dilution 

The  longitudinal  density  of  the  antiproton  beam  will 
decrease  during  the  9  transfers.  In  order  to  have  3el0 
pbars  per  bunch,  we  use  a  bunch  area  of  0.37  eV-s  for  the 
1st  transfer  and  0.47  eV-s  for  the  9th  transfer.  This 
implies  a  50%  increase  in  longitudinal  density  from  the 
present  operation  and  requires  beam  study  in  the 
Accumulator. 

Momentum  Acceptance  of  the  MI 

The  measured  aperture  acceptance  was  Ap/p  =  ±  0.7% 
(i.e.,  ±  63  MeV)  [2].  The  bucket  height  of  the  53  MHz  RF 
at  1.8  MV  is  ±  44  MeV.  It  can  accommodate  a  0.75  eV-s 
bunch.  There  should  not  be  any  problem  at  the  injection. 


♦Work  supported  by  the  Universities  Research  Association,  Inc.  under 
contract  No.  DE-AC02-76CH03000  with  the  U.S.  Dept,  of  Energy. 
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Figure  4:  ESME  simulation.  From  top  down:  (1)  h=4  (2.5 
MHz)  RF  capture  of  0.37  eV-s  pbar  bunches  in  the 
Accumulator;  (2)  h  =  28  (2.5  MHz)  RF  capture  of  pbars  in 
the  Main  Injector  at  Vrf  =  60  kV  before  the  rotation;  (3) 
after  the  rotation;  (4)  h  =  588  (53  MHz)  RF  capture  of 
pbars  in  the  Main  Injector  and  Vrf  adiabatically  increased 
to  1.8  MV. 
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Transition  Crossing  in  the  MI 

The  pbar  bunches  will  be  4  times  more  intense  than 
they  are  now  when  crossing  the  transition.  But  compared 
with  the  proton  bunch  intensity  in  $29  cycle  (6el0),  pbar 
bunch  intensity  (3el0)  is  only  half  that  value. 
Furthermore,  the  longitudinal  phase  space  density  of  the 
pbar  bunches  is  much  lower  than  that  of  the  protons. 

However,  the  large  pbar  bunch  emittance  (0.37-0.47 
eV-s)  is  a  concern.  An  analysis  was  done  for  the  transition 
crossing  and  found  that  both  the  emittance  dilution  and 
maximum  energy  spread  were  tolerable.  They  are, 
respectively,  20%  and  ±  0.6%  for  0.37  eV-s  bunches,  and 
25%  and  ±  0.7%  for  0.47  eV-s  bunches. 

As  a  fallback  plan,  a  gamma-t  jump  system  can  be 
readily  implemented  to  improve  transition  crossing  [3]. 

Another  option  is  to  use  a  third  harmonic  RF  system 
during  transition  crossing.  The  experiment  was  done  on 
the  Main  Ring  at  Fermilab.  The  hardware  exists  and  can 
be  installed  in  the  Main  Injector. 

Beam  Loading  during  Bunch  Rotation 

During  bunch  rotation  using  the  2.5  MHz  RF  in  the  MI, 
the  beam  loading  of  the  53  MHz  RF  needs  to  be 
compensated.  There  are  two  possible  solutions:  (i)  to 
install  a  feedback  and  a  feedforward  system  (which  is  an 
on-going  activity);  (ii)  to  lower  the  effective  cavity 
impedance  by  a  factor  of  3-4  by  lowering  the  screen 
voltage  from  2  kV  to  -100  V  (a  proposal  by  J.  Griffin, 
which  needs  to  be  tested). 

HARDWARE  AND  SOFEWARE  ISSUES 

An  important  advantage  of  this  new  method  is  that  no 
new  hardware  is  needed  for  its  implementation.  Several 
issues  regarding  hardware  and  software  are  addressed 
below: 

•  Although  the  maximum  voltage  of  the  ARF4  can 
reach  900  V,  we  found  that  the  2.5  MHz  bunch 
rotation  and  53  MHz  RF  capture  work  better  if  we 
use  100  V  instead  of  900  V. 

•  A  technical  challenge  is  the  regulation  requirement 
of  the  ARF4  to  the  level  of  several  volts  in  order  to 
create  a  0.37  eV-s  bucket.  But  this  is  possible.  [4] 

•  There  is  a  slight  frequency  mismatch  between  the 
Accumulator  2.5  MHz  RF  and  the  MI  2.5  MHz  RF 
(<  3  kHz).  But  this  can  be  taken  care  of  [5] 

•  The  MI  2.5  MHz  RF  voltage  can  be  jumped 
quickly  from  0.25  kV  to  60  kV  for  bunch  rotation 
[5].  This  system  has  a  nominal  Q  =  100,  which 
gives  a  field  decay  time  constant  T  =  12.7  |xs. 
Measurement  shows  the  actual  decay  time  is 
shorter.  Therefore,  it  is  possible  to  use  the  matched 
RF  buckets  to  receive  bunches  from  the 
Accumulator  prior  to  the  rotation  (an  option). 

•  Presently  the  MI  53  MHz  RF  cannot  operate  at  its 


full  voltage  (4  MV)  at  injection  due  to  tuner 
sparking.  This  will  limit  the  achievable  bucket  size 
and  need  to  be  discussed  with  the  RF  group.  We 
assumed  1.8  MV  in  this  study, 

BEAM  STUDY  PLAN 

A  two-phase  beam  study  plan  is  under  consideration  for 
testing  this  new  method. 

Phase  I 

2.5  MHz  pbar  beam  transfer,  capture  and  bunch 
rotation: 

•  Develop  MIRF  procedures: 

1)  RFI  assistance  to  build  and  adjust  16  files  for 
the  required  2.5  MHz  and  53  MHz  RF 
sequence 

2)  Use  of  a  2.5  MHz  bunch  length  monitor 

•  Develop  ARF  procedures: 

To  build  and  adjust  ARF3  and  ARF4  sequence 
for  2.5  MHz  beam  transfer  to  the  Main  Injector 

Phase  II 

Develop  procedures  to  maximize  the  pbar  longitudinal 
density  extracted  from  the  Accumulator  and  determine 
what  pbar  longitudinal  density  is  achievable: 

•  New  version  of  VSA  software  that  determines 
frequency  and  bucket  area  for  extraction 

•  Test  software  on  proton  beam 

•  Test  software  on  pbars  left  over  after  a  shot 
(abort  transfers  in  MI) 

•  Verify  that  the  required  50%  increase  in  core 
longitudinal  density  can  be  achieved  by  doing  a 
shot  to  the  Tevatron  with  a  pbar  stack  of  at  least 
120  mA. 
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Abstract 

In  a  four  month  study,  a  design  for  a  Proton  Driver 
was  developed  as  a  possible  replacement  for  Fermilab’s 
Booster.  Its  optical  properties  are  summarized  briefly. 

1  OVERVIEW 

A  Proton  Driver  design  (PD2)  was  developed  as  a  pos¬ 
sible  replacement  for  Fermilab’s  Booster  in  a  four  months’ 
study  involving  more  than  sixty  participants.  Constraints 
that  influenced  the  design,  as  well  as  achieved  values,  are 
summarized  in  Table  1;  constraints  are  identified  with  an 
asterisk.  Based  primarily  on  considerations  of  available 
space  and  the  size  of  lattice  functions,  a  superperiod  2  race¬ 
track  configuration  was  chosen:  two  75.44  m  straight  sec¬ 
tions  connected  by  161.66  m,  180°  arcs.^  Transition  is 
avoided  by  requiring  7^  to  be  beyond  the  reach  of  the  ex¬ 
traction  energy. 

The  racetrack’s  straight  sections  will  be  used  for  injec¬ 
tion,  extraction,  tuning,  and  acceleration;  collimation  and 
(possibly)  tuning  will  be  done  in  the  arcs.  Trim  quads 
should  be  powered  symmetrically  so  as  to  maintain  super¬ 
periodicity.  It  is  intended  to  reuse  RF  cavities  from  the  cur¬ 
rent  Fermilab  Booster  in  the  Proton  Driver’s  straight  sec¬ 
tions.  At  least  21  will  be  needed.  The  phase  advance  be¬ 
tween  kickers  and  septa  as  well  as  lattice  functions  at  vari¬ 
ous  extraction  devices  were  chosen  so  as  to  avoid  excessive 
demands  on  magnets. 

In  order  that  quadrupoles  and  dipoles  track  well  dur¬ 
ing  the  ramp,  while  avoiding  both  saturation  and  exces¬ 
sive  power  loss,  it  was  decided  early  to  limit  the  maxi¬ 
mum  field  in  dipoles  to  1.5  T  and  the  peak  gradient  in 
quadrupoles  to  10  T/m.  Because  of  fabrication  require¬ 
ments  for  magnet  ends  and  bellows,  the  minimum  space  be¬ 
tween  quadrupoles  (in  a  doublet)  was  set  to  47  cm;  the  min¬ 
imum  space  between  a  quadrupole  and  a  dipole,  to  85  cm. 

Phase  space  painting  will  flatten  the  transverse  charge 
distribution,  reducing  space  charge  tune  spread.  The  invari¬ 
ant  transverse  beam  emittance,  after  painting  and  including 
space  charge  effects,  is  to  be  no  larger  than  40  tt  mm-mr 
(95%).  Dynamic  aperture  should  be  at  least  three  times  that 
number,  for  the  entire  momentum  range  of  ±  1  %.  Emphasis 
was  placed  on  minimizing  the  maximum  values  of  lattice 
functions,  px  and  pyy  and  horizontal  dispersion,  D.  To  sat¬ 
isfy  physical  aperture  requirements,  a  criterion  was  infor- 

*  Work  supported  by  the  U.S.  Department  of  Energy 
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*  Several  possible  designs  were  considered  before  settling  upon  one. 
While  the  decisions  that  were  made  may  not  be  final,  they  are,  nonethe¬ 
less,  the  ones  under  which  this  study  was  conducted. 


length 

474.2  m* 

kinetic  energy 

600MeV*to8GeV* 

revolution  frequency 

501kHz</<629  kHz 

RF  frequency 

53  MHz  * 

RF  cavity  length 

2.35  m* 

protons  per  bunch 

3  X  10^^  * 

cycling  frequency 

15  Hz* 

transition 

7t  =  13.8  >  9.5  * 

natural  chromaticity 

(-13.6,-11.9) 

momentum  acceptance 

1  ^p/p  1  <  0*01  * 

phase  advance 

A'0arc/27r  =  {rix^tiy)  * 
=  (8,6) 

tunes 

(11.747, 8.684) 

dynamic  aperture 

>  1207r  mm-mr  * 

magnetic  fields 

<  1.5T,  dipoles,  * 

<  10  T/m,  quadrupoles  * 

lattice  functions 

=  (15.1  m,  20.3  m ) 

max  dispersion 

2.5  m 

max  dipole  correction 

5  mrad  * 

element  spacing 

>  47  cm,  quad-quad,  * 

>  85  cm,  quad-dipole  * 

Table  1:  Parameters  for  a  Proton  Driver.  Asterisks  indicate 
design  constraints. 

mally  established  that  set  upper  bounds  of  <  20  m  and 
£)  <  2.5  m.  Together,  these  assure  a  maximum  horizontal 
excursion  of  a:  ±5  cm  from  the  closed  orbit,  evenly  di¬ 
vided  between  dispersion  and  emittance,  and  \y\  <2.2  cm. 

To  avoid  any  possibility  of  synchro-betatron  coupling 
resonances  [1],  the  PD2  design  set  to  zero  (a)  chromatic- 
ity,  using  sextupoles  in  the  arcs,  and  (b)  dispersion  in  the 
straight  sections,  where  RF  cavities  will  be  placed.  To  as¬ 
sure  the  latter,  horizontal  phase  advance  through  an  arc  was 
required  to  be  an  integer  multiple  of  27r. 

In  what  follows,  we  will  summarize  the  optics  of  the  PD2 
lattice.  Necessarily,  this  presentation  is  short,  but  more 
information,  in  greater  detail,  can  be  found  in  the  Proton 
Driver  Design  Reports  [2, 3]. 

2  LATTICE  DESCRIPTION 

The  PD2  racetrack  is  partitioned  into  forty-four 
10.777  m  cells,  15  in  each  arc  and  7  in  a  straight  sec¬ 
tion.  Each  cell  contains  a  defocusing  (D)  and  focusing  (F) 
quadrupole  doublet  on  the  main  bus  and  a  corresponding 
pair  of  independently  powered  trim  quads.  The  F  quad  is 
1.262  m  long,  the  D  quad,  1.126  m;  trim  quads,  positioned 
just  outside  the  doublet,  are  20  cm  long.  This  leaves  about 
7.1  m  of  empty  space  in  each  cell.  In  the  arcs,  it  will  be 
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Figure  1 :  Lattice  functions  of  an  arc  module,  comprising 
three  arc  cells,  treated  as  a  periodic  unit. 

filled  with  dipoles  and  collimation  hardware;  in  the  straight 
sections,  with  hardware  for  injection,  extraction,  and  accel¬ 
eration.  Additional  diagnostic  and  control  devices  -  beam 
position  monitors,  orbit  correctors,  dampers,  and  the  like 
-  must  be  squeezed  into  whatever  space  remains.  (PD2’s 
length  of  474.2  m,  equal  to  that  of  the  Booster,  severely 
limits  space  available  for  utility  hardware.) 

2.7  Arc  Module 

Each  arc  is  organized  into  5  modules  of  3  cells, 
15  cells  in  all.  Quadrupole  lengths  were  chosen 
so  as  to  produce  a  phase  advance  per  module  of 
(Ai/ja;,A^y)  I  module  =  (Stt/S,  Gtt/S)  which  sets  the  aver¬ 
age  phase  advance  per  cell  to  be  (A-^a;,  A^y)|ceii  = 
(87r/15, 27r/5)  =  (96°,  72°).  A  horizontal  phase  ad¬ 
vance  close  to  90°  is  convenient  for  injection  and  extrac¬ 
tion.  Because  the  total  phase  advance  across  an  arc  is 
(A^x,  AV?y)|arc  =  (StTjGtt),  it  is,  to  first  order,  optically 
transparent:  its  4  x  4  transfer  matrix  is  the  identity.  Thus, 
the  arcs  will  preserve  lattice  functions,  including  zero  dis¬ 
persion,  across  the  straights.  If  the  phase  advance  per  cell 
were  exactly  repeated  throughout  the  racetrack,  the  tunes 
would  be  =  (11.73,8.80). 

The  two  outer  cells  of  an  arc  module  contain  a  large 
dipole  (5.646  m,  16.2°  bend)  and  the  inner  cell  a  small  one 
(1.188  m,  3.4°  bend).  Their  lengths  were  chosen  so  as  to 
create  a  first  order  achromatic  bend,  thus  zeroing  the  dis¬ 
persion  between  modules.  As  a  stand-alone  periodic  unit, 
the  lattice  functions  of  a  single  arc  module  would  be  as 
shown  in  Figure  1 

Four  chromaticity  correcting  sextupoles  are  placed  in 
each  arc  module.  To  conserve  space,  they  replace  the  four 
trim  quads  closest  to  the  short  dipole.  (They  are  shown  as 
tall  thin  elements  in  Figure  1.)  Alternatively,  it  may  be  pos¬ 
sible,  and  perhaps  preferable,  to  build  a  correction  package 
consisting  of  quadrupole  and  sextupole.  If  not,  then  we 
must  rely  on  two  trim  quads  (not  shown)  in  the  remaining 
cell  to  control  the  phase  advance  through  each  module. 


2.2  Straight  Section 

The  main  bus  quadrupoles  in  a  straight  section  cell  are 
identical  to  their  counterparts  in  the  arc  cell;  dipoles  are 
removed,  and  trim  quads  replace  the  sextupoles.  The  ab¬ 
sence  of  dipole  edge  focusing  distorts  lattice  functions 
(esp.,  Py)  slightly.  Phase  advance  across  a  single  cell  is 
(A^,,,  At/?J|ceii  -  (87r/15,  0.96-  (27r/5)). 

3  ANALYSIS 

When  the  straight  sections  and  arcs  are  attached,  a  small 
vertical  beta  wave  is  established  but  is  confined  to  the  arcs, 
because  of  their  optical  transparency.  The  tunes  associ¬ 
ated  with  the  base  configuration  (trim  quads  off)  are  shifted 
from  (11.73,8.80)  to  (11.747,8.684).  Space  charge  will 
reduce  tunes  in  the  core  of  the  beam  by  an  amount  that 
will  depend  on  painting.  Protons  undergoing  large  am¬ 
plitude  oscillations  will  be  less  affected  by  space  charge, 
but  their  tunes  will  increase  (slightly)  due  to  the  presence 
of  chromaticity  correcting  sextupoles.  The  combined  ef¬ 
fects  of  space  charge  and  sextupole  fields  (and  octupole 
error  fields)  will  spread  the  tunes  away  from  that  point 
in  opposite  directions.  The  single  particle  “optical  tune,” 
the  “working  point,”  acts  as  a  reference  for  this  distri¬ 
bution.  As  the  beam’s  energy  increases,  the  distribution 
will  collapse  into  it:  space  charge  forces  decrease,  as 
v/c  1,  shrinking  the  distribution  from  below,  and  the 
sextupole/octupole  tune  spread  decrease,  as  emittances  be¬ 
come  smaller,  shrinking  the  distribution  from  above. 

Chapter  3  of  the  Design  Study  Report  [2]  contains  an 
optics  analysis,  including  consideration  of  chromatic  prop¬ 
erties,  tune  footprint,  field  errors,  steering  magnets,  tune 
adjustment,  coupling,  resonances,  and  dynamic  aperture. 
In  the  following  sections  we  will  summarize  only  the  dis¬ 
cussions  of  the  Ux  +  2z/y  sextupole  resonance  and  dynamic 
aperture. 

3.1  Sextupole  Resonance:  +  2uy 

A  phase  advance  of  A^j,)  =  (87r/5,67r/5) 

across  an  arc  module  means  that  the  sextupoles’  contribu¬ 
tion  to  the  Ux  +  2uy  =  29  resonance  driving  term  will  add 
in  phase  from  one  module  to  the  next.  This  is  mitigated  by 
the  fact  that  29  is  an  odd  number,  so  that  whatever  reso¬ 
nance  driving  term  is  produced  by  one  of  the  arcs  should 
be  cancelled  by  the  other.  Nonetheless,  trusting  in  cancel¬ 
lations  across  opposite  sides  of  a  ring  is  risky.  Superperiod¬ 
icity  of  the  lattice  can  be  broken  by  the  tuning  quads  in  the 
straight  sections,  or  simply  because  of  field  errors.  A  phase 
error  between  the  two  arcs  will  certainly  arise.  Estimating 
the  effect  of  this  resonance  must  take  that  into  account. 

A  (moderately)  “safe  region”  for  the  Ux  +  2vy  resonance 
is  bounded  by  the  curves  [4,  pp.233-238] 
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Figure  2:  “Safe  regions”  for  the  Ux  H-  2uy  resonance,  in 
the  base  configuration,  when  $  G  {  45°,  90°,  135°,  180°  }, 
with  invariant  emittance  of  407r  nun-mr  shown  at  injection 
and  extraction.  Ignoring  space  charge  and  second  order 
sextupole  effects,  the  injected  beam  is  within  the  boundary 
provided  that  4>  105°. 


stable  Points  Lottice-gbpd 
►^oce  18  10000  steps,  gbod-t 
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Figure  3:  Dynamic  aperture:  Scatter  plot  of  largest  ampli¬ 
tude  stable  orbits  at  Ap/p  —  0  and  d=2%. 


where  6  =  Ux  —  29  =  0.12  and  g  =  (\/2/87r)x 
I  exp[2(i/?x  -f  2'ipy  -  (5  •  ^)]  1-  If  sex- 

tupoles  existed  in  all  three  of  an  arc  module’s  cells, 
the  value  of  g  for  one  module  would  (almost)  vanish, 
because  {Ai^x  +  2^y)|ceii)  =  (2/3)  •  27r.  However,  with 
sextupoles  in  only  two  of  the  three  cells,  the  value  of  g  for 
one  arc  module  is  1.36  Let  the  phase  error  be¬ 

tween  the  two  arcs  be  $  =  A'lpx  +  2A'ipy.  Then, 

^racetrack  “  2  [  sin($/2)  j  pare  ~  14  m  ^  \  sin(^/2)  |  . 

The  “safe  regions”  are  plotted  in  Figure  2  for 
^  G  {45°,90°,  135°,  180° }.  Two  squares  in  the  lower 
left  comer  show  the  beam  emittances  at  injection  and 
extraction.  The  boundary  crosses  the  injected  beam  at 
^  9^  105°.  Superperiodicity  must  be  preserved  to  a  value 
much  smaller  than  that.^ 

52  Dynamic  Aperture 

Dynamic  aperture  was  estimated  by  tracking  a  single 
particle  within  the  static  magnetic  environment  produced 
by  dipoles,  quadmpoles,  and  chromaticity  sextupoles. 
Among  the  effects  not  considered  were  space  charge,  syn¬ 
chrotron  oscillations,  acceleration,  and  magnetic  field  er¬ 
rors.  (Details  of  the  procedures  used  can  be  found  in  the 
Design  Study  Report  [2].)  Thus,  results  obtained  should 
be  considered  an  upper  bound  on  the  actual  dynamic  aper¬ 
ture.  They  are  shown  in  Figure  3  at  the  injection  energy 

^This  optimistic  statement  does  not  take  into  account  the  effects  of 
tune  spread.  A  more  conservative  estimate  would  restrict  ^  to  a  value 
four  or  five  times  smaller.  (See  reference  [2]) 


of  600  MeV,  where  dynamic  aperture  is  smallest.  Along 
the  diagonal,  maxeinv  ~  10  x  407r  mm-mr.  For  purely 
horizontal  orbits  it  increases  to  €inv  ~  25  x  407r  mm- 
mr,  and  for  mostly  vertical  orbits  it  is  slightly  less, 
€inv  20  X  407r  mm-mr. 

Peaks  of  the  tune  spectra  for  orbits  just  inside  the  dy¬ 
namic  aperture  were  calculated.  All  but  four  cluster  on  the 
resonance  line  Auy  —  35.  Chromaticity  sextupoles  both  ex¬ 
cite  this  resonance  and  provide  the  necessary  tune  spread 
to  put  it  within  the  reach  of  very  large  amplitude  orbits. 
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Abstract 

Based  on  the  accelerator  theory  and  virtual  prototyping 
technique,  an  accelerator  virtual  prototyping  system 
(AVPS)  is  formulated,  implemented  for  tihe  innovative 
design  of  low  energy  accelerators.  The  framework  of 
AVPS  takes  into  account  the  needs  of  manufacture, 
assembly/disassembly,  operation,  and  maintenance  in  a 
virtual  environment  during  the  design  phase.  In  order  to 
guarantee  the  reliability  of  AVPS,  Augmented  Reality 
(AR)  technique  is  used  to  integrate  the  virtual 
environment  and  experimental  subsystem.  Common 
Object  Request  Broker  Architecture  (CORBA) 
middleware  for  distributed,  object-oriented  applications  is 
used  to  develop  and  implement  the  framework.  The  main 
components  of  AVPS  include  AR  subsystem,  distributed 
computing  environment  and  data  warehouse. 

INTRODUCTION 

In  1990s,  with  the  development  of  Virtual  Reality  (VR) 
and  CAD/CAM/CAE  technologies,  a  new  design  method 
called  Virtual  Prototyping  (VP)  has  been  proposed  and 
used  in  design  of  airplanes,  cars  and  other  mechanical 
products.  Comparing  with  CAD/CAM/CAE  methods,  VP 
presents  an  integrated  design  environment  in  which  the 
design,  manufacture,  assembly,  operation  and 
maintenance  could  be  discussed  before  the  machine  being 
built.  Recur  to  the  use  of  VR  technology,  VP  provides  a 
friendly  interactive  interface  which  allows  designers  to 
track  and  to  control  the  design  process.  In  other  words, 
VP  is  a  development  process  completely  implemented  in 
computer,  which  can  be  used  to  replace  or  decrease  the 
physical  experimental  prototype.  Consequently,  VP  is  an 
ideal  method  to  condense  time,  costless,  and  risk  of 
product  development. 

In  the  field  of  accelerators,  CERN  used  VR  to  guide  the 
design  of  LHC  in  1996,  and  a  Virtual  Environment 
Navigation  in  the  Underground  Sites  system  (VENUS) 
was  developed.  Using  VENUS,  engineers  can  easily  to 
know  the  work  process  of  LHC  and  its  complex  structure. 
Subsequently,  the  concept  of  “virtual  accelerators”  was 
proposed  by  KEK  and  Jefferson  Lab  [1-3]. 

This  paper  applied  VP  technique  into  the  research  of 
low  energy  accelerators.  The  unique  of  VP  we  used  is 
based  on  augmented  reality  (AR),  which  integrates  the 
computing  subsystem  and  experimental  subsystem 
together  in  the  interactive  environment.  After  proposing 
the  framework  of  AVPS,  the  key  techniques  are 
discussed.  A  design  example  of  a  30MeV  cyclotron  is 
given  to  show  how  AVPS  system  works. 
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FRAMEWORK  OF  AVPS 

The  hiberarchy  of  AVPS  developed  by  HUST  has  four 
layers,  namely,  the  interface  layer,  the  application  layer, 
the  data  layer,  and  the  support  layer,  as  shown  in  Figure 
1 .  The  interface  layer  is  an  augmented  reality  subsystem 
made  up  of  virtual  environment  and  experimental 
subsystem.  By  using  of  sensors  and  actuators,  users  can 
interact  with  AVPS  in  a  natural  way.  The  application 
layer  is  a  distributed  computing  environment  (DCE) 
based  on  CORBA.  Programs  used  for  modelling,  analysis, 
manufacture,  assembly,  debugging  and  maintenance  are 
encapsulated  as  a  CORBA  object.  The  data  layer  forms  a 
data  warehouse  made  up  of  database,  knowledge  base  and 
corresponding  management  programs.  It  provides  data 
information,  status  information  and  control  information  of 
the  system,  including  the  accelerator’s  performance  data, 
geometry  data,  and  engineering  data  produced  in  the 
process  of  evolving.  The  technique  standards,  criterion 
and  generic  data  used  in  the  whole  produce  period  are 
stored  in  the  knowledge  base.  The  support  layer  is  the 
basis  of  the  AVPS,  it  includes  computer  operating  system 
(OS),  network,  protocol,  database  management  system 
and  knowledge  base  management  system. 

TECHNIQUE  CHARACTERISTICS 

Augmented  Reality 

As  a  bridge  linking  the  real  object  and  the  virtual  reality, 
the  basic  idea  of  an  AR  system  is  the  mixing  of  real  and 
virtual  images  with  an  enhancement  of  the  user’s 
perceptions  of  the  real  world.  AR  integrates  VR 
environment  and  real  world  into  an  entity,  in  which  they 
can  complement  each  other.  In  AVPS,  the  VR 
environment  is  an  advanced  interface  through  which  users 
can  design,  analyze,  manufacture,  assembly/disassembly, 
and  maintain  accelerators  in  a  natural  way.  Considering 
that  AVPS  needs  high  performance  graphics  display 
ability,  OpenGL  and  Performer  are  used  as  a  develop  tool 
to  program  the  VR  environment  on  SGI  graphics 
workstation.  Then  CORBA  is  used  to  link  it  with  other 
components.  The  other  important  part  in  the  AR  system  is 
the  experimental  system. 

Distributed  Computing  Environment 

CORBA  has  been  selected  as  middleware  for  building  a 
distributed  computing  environment,  which  is  a  software 
standard  for  distributed,  heterogeneous,  object-oriented 
applications.  It  is  open,  robust,  interoperable,  multi¬ 
platform  and  multi-user  supported.  CORBA  applications 
are  composed  of  objects,  individual  units  of  running 
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software  that  combine  ftmctionality  and  data,  and  that 
frequently  represent  something  in  the  real  world.  The 
interface  is  the  syntax  part  of  the  contract  that  the  server 
object  offers  to  the  clients  invoking  it.  Any  client  that 
wants  to  invoke  an  operation  on  the  object  must  use  this 
IDL  interface  to  specify  the  operation,  and  to  marshal  the 
arguments  that  it  sends.  When  the  invocation  reaches  the 
target  object,  the  same  interface  definition  is  used  to 


unmarshal  the  arguments  so  that  the  object  can  perform 
the  requested  operation  with  them.  The  interface 
definition  is  then  used  to  marshal  the  results  for  their  trip 
back,  and  to  unmarshal  them  when  they  reach  their 
destination.  In  AVPS,  a  typical  client  and  object 
implementation  is  virtual  reality  environment  and  analysis 
component  such  as  magnet,  cavity,  injection  et  al. 


Figure  1:  Framework  of  AVPS 

controlling,  and  maintaining.  Through  AVPS,  engineers 
can  simulate  accelerators  by  using  coarse  granularity 
models  or  refined  ones,  can  test  the  whole  equipment  or 
its  subsystem  in  computer.  The  fidelity  that  AVPS  can  get 
is  decided  by  the  granularities  of  AVPS  model.  A  refined 
prototype  model  can  simulate  accelerators  realistically.  It 
describes  accelerator  and  its  subsystem  in  detail.  Fig.2 
shows  the  prototype  model  of  a  30MeV  accelerator, 
CYCIAE-30. 

Modelling  the  Accelerator 

Modelling  is  the  base  of  virtual  prototyping.  Its  purpose 
is  to  create  virtual  prototype  of  the  accelerator.  The 
virtual  prototype  should  include  all  the  geometrical  and 
physical  information,  such  as  the  geometry  shape,  the 
positions  and  link  relations,  and  physical  properties  of  the 
parts,  and  beam  information.  Management  of  virtual 
prototype  is  the  first  considerable  subject  in  this  stage. 
Three  model  libraries,  namely,  basic  library,  auxiliary 
library  and  custom  library,  can  be  built.  The  basic  library 
stores  basic  information  such  as  geometry  shape,  the 


Data  Warehouse 

The  essential  of  the  AVPS  is  to  use  an  exact  digital 
model  to  simulate  all  activities  of  an  accelerator  during  its 
lifecycle.  Therefore,  an  efficacious  data  warehouse  is  very 
important.  It  must  include  the  following  models:  the 
structural  data,  physical  property  data,  environment  data, 
accelerator  operation  data,  interlock  and  corresponding 
management  system.  All  these  models  are  integrated  into 
a  database  and  knowledge  base.  In  order  to  manage  and 
access  the  complex  information  in  AVPS,  data 
warehousing  approach  is  used,  in  which  the  integrated 
information  is  available  for  immediate  querying  and 
analysis  by  clients. 

APPLYING  AVPS  TO  SIMULATE  THE 
EVOLVING  PROCESS  OF 
ACCELERATORS 

AVPS  is  an  integrated  solution  scheme  of  accelerator’s 
design,  analysis,  and  simulation  of  manufacture,  assembly, 
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position  and  link  relation  of  the  parts.  While  the  auxiliary 
library  stores  physical  properties,  particle  beam 


information,  and  so  on.  The  custom  library  is  designed  for 
the  user’s  expending.  . 


Another  important  subject  is  the  structure  of  virtual 
prototype.  In  AVPS,  both  graph  structure  and  tree 
structure  methods  are  used  to  represent  virtual  prototype. 
The  relationships  among  accelerator  parts  are  represented 
by  graph  structure  method.  While  the  tree  structure 
method  is  used  to  describe  the  hiberarchy  of  accelerator. 
In  AVPS,  engineers  can  build  basic  elements  firstly,  and 
then  organize  them  into  a  higher  layer,  and  integrate 
layers  into  a  uniform  system  at  last. 

Virtual  Assembly/Disassembly 

Virtual  assembly/disassembly  is  the  digital  mapping  of 
real  corresponding  process.  In  order  to  optimize  the  path 
and  process  of  assembly/disassembly,  process  program¬ 
ing  and  collision  detection  technology  must  be  used  to 
handle  virtual  prototypes  created  in  the  modeling  module. 

The  assembly  module  of  AVPS  is  an  interactive,  3D 
graphic  simulation  tool,  specifically  designed  for  use  in 
developing  and  documenting  assembly  processes.  Apart 
from  simulating  complex  assembly/disassembly  processes, 
users  can  also  investigate  the  assembly  feasibility, 
determine  required  product  design  changes,  document 
optimal  assembly  sequences,  and  estimate  the  cycle  time 
involved,  with  the  help  of  sequence  charts.  These  can  also 
be  extended  to  produce  training  “movies”  for  shop  floor 
personnel.  Some  of  the  main  features  of  this  module  are: 

•  Interactive  creation  of  part  trajectory  paths. 

•  Automatic  creation  of  collision-free  trajectory  paths. 

•  Interactive  creation  of  process  sequences  displayed 
by  sequence  charts. 

•  Sequence  output  in  standard  spreadsheet  formats  for 
integration  into  assembly  process  plan 
documentation. 

•  A  single-pick  REVERSE  function,  which  reverses 
an  existing  assembly  sequence  into  a  disassembly 
sequence  and  vice  versa. 


Particle  Motion  Simulation 

Based  on  the  analysis  of  main  parts,  simulation  of  the 
accelerator  and  its  subsystems  can  be  carried  out  in  AVPS. 
These  subsystems  include  the  particle  injecting  system, 
the  accelerating  system,  the  vacuum  control  system,  and 
the  cooling  control  system,  and  so  on.  Integrating  parts 
analysis,  subsystem  simulation,  and  model  library,  AVPS 
provide  the  function  to  simulate  the  working  process  and 
also,  AVPS  can  help  engineer  to  simulate  the  process  of 
manufacture,  control,  cooling,  and  maintain,  and  change 
correspond  parameters  to  optimize  its  performance. 

CONCLUSION 

A  CORBA  based  virtual  prototyping  system,  AVPS, 
was  proposed,  implemented,  and  used  to  analysis,  design 
and  simulate  the  evolving  process  of  low  energy 
accelerators.  It  integrates  experimental  system,  distributed 
numerical  simulation  system,  and  virtual  reality 
environment  into  a  uniform  framework.  Therefore,  AVPS 
can  be  applied  to  condense  time,  and  risk,  and  to  design 
new  type  of  accelerator. 
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Abstract 

A  750  keV  proton  injector  is  being  installed  in  place  of 
a  600  kV  Cockroft-Walton  high  voltage  terminal  at  the 
Indiana  University  Cyclotron  Facility  [1].  The  injector 
features  a  microwave  ion  source,  a  20  keV  to  750  keV 
CW  RFQ  and  a  quadrupole  triplet  to  focus  the  beam  into 
the  15  MeV  injector  cyclotron.  Two  solenoids  and  one 
pulsed  lens  are  used  to  match  the  20  keV  proton  beam  to 
the  RFQ  and  to  rapidly  change  the  beam  intensity.  The 
injector  has  been  tested  offline;  the  results  will  be 
described  in  this  paper. 

INTRODUCTION 

The  Indiana  University  Cyclotron  Facility  (lUCF)  is  in 
the  final  phase  of  an  upgrade  program  of  the  2 10  MeV 
proton  cyclotrons.  These  accelerators  will  be  used  to 
provide  a  fixed  energy  proton  beam  to  the  Midwest 
Proton  Radiotherapy  Institute  (MPRI)  for  cancer 
treatment  and  other  applications  [2].  Part  of  this  upgrade 
is  to  replace  the  600  kV  Cockrofl- Walton  high  voltage 
terminal  with  an  AccSys  PL-1  20keV  to  750  keV  CW 
radio  frequency  quadrupole  (RFQ)  accelerator  [3].  This 
system  is  expected  to  operate  with  at  least  95%  reliability, 
should  be  easy  and  quick  to  repair  and  should  have 
infrequent  maintenance  requirements. 

The  cancer  clinic  requires  between  2  nA  and  125  nA  of 


206.5  MeV  beam  delivered  to  the  entrance  of  one  of  three 
treatment  rooms.  The  intensity  should  be  stable  to  5% 
and  have  ripple  less  than  5%  for  the  two  minute  duration 
of  each  treatment  plus  a  several  minute  setup  time.  Each 
treatment  will  require  a  unique  beam  intensity  and  will 
typically  be  different  than  the  intensity  the  cyclotron 
operators  will  use  to  monitor  the  beam  at  a  remote  beam 
dump.  A  pulsed  lens  is  used  as  a  beam  intensity 
modulation  system  (BIMS)  to  adjust  the  level  of  the  beam 
intensity  within  2  ms  to  3  ms  after  a  change  is  requested. 

The  proton  injector,  shown  in  Figure  1,  consists  of  a 
2.45  GHz  microwave  proton  source  [4]  which  is  a 
modified  version  of  the  LED  A  100  mA  CW  source  [5].  A 
20  kV,  four-electrode  extraction  system  forms  a  beam  that 
is  then  transported  by  two  electromagnetic  solenoids 
which  match  the  beam  to  the  RFQ  acceptance  parameters. 
An  electrostatic  chopper  phase  locked  to  one-half  of  the 
cyclotron  frequency  operates  at  17.79  MHz  to  form  beam 
pulses  that  match  the  ±  6®  RF  phase  acceptance  of  the 
cyclotrons.  The  BIMS  solenoid  which  adjusts  the  beam 
focusing  at  the  entrance  of  the  RFQ  has  a  ferrite  gap  with 
return  yoke  and  within  3  ms  is  changed  to  any  requested 
current  between  0  k  and  400  A.  The  750  keV  beam  from 
the  RFQ  is  focused  into  the  first  electrostatic  bend  of  the 
cyclotron  by  an  NEC  built  quadrupole  triplet  [6]. 


Figure  1 :  Schematic  of  the  750  keV  proton  injector.  The  beam  height  and  centerline  of  the  injector  is  196.4  cm 
above  the  floor. 
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ION  SOURCE 

The  2.45  GHz  microwave  ion  source  has  many 
similarities  to  the  LEDA  source  [5]  but  with  much  lower 
intensity  and  beam  energy  requirements.  A  3D  cutaway 
view  in  Figure  2  illustrates  the  primary  components  of  the 
source.  A  four  electrode  20  kV  extraction  system  forms  a 
proton  beam  of  more  than  5  mA.  A  2.45  GHz  magnetron 
supplies  1 .2  kW  of  RF  power  through  a  circulator  to  a 
WR284  waveguide.  A  directional  coupler  connected  to  a 
three-stub  tuner  measures  the  forward  and  reflected 
powers.  A  choke  flange  coupling  with  a  3mm  thick  TFL 
spacer  insulates  the  three-stub  tuner  from  the  source 
components  that  are  elevated  to  the  20  kV  extraction 
potential.  A  double-ridged  tapered  waveguide  between 
the  choke  flange  and  the  source  body  improves  the 
matching  of  the  RF  to  the  source  plasma.  The 
microwaves  are  launched  into  the  source  volume  through 
an  Aluminum  Nitride  and  Boron  Nitride  layered  vacuum 
window  [5].  A  vacuum  seal  is  made  with  a  rectangular 
shaped  metal  gasket  [7]  that  requires  5.6  N-m  of  Torque 
on  the  fasteners  of  a  modified  WR284  rectangular  flange. 


Figure  2:  A  3D  model  of  the  ion  source  with  a  cutaway  to 
show  the  internal  components.  The  tapered  ridged 
waveguide  and  source  body  are  insulated  from  the  two 
solenoid  coils  by  a  large  nylon  insulator  and  from  the 
vacuum  chamber  by  a  ceramic  cylinder. 

The  OFHC  copper  source  body  and  end  flanges  are 
assembled  with  metal  vacuum  seals.  A  pure  Boron 
Nitride  (BN)  liner  covers  the  two  inside  ends  of  the 
source  but  the  inner  diameter  of  the  chamber  remains 
copper.  The  plasma  is  extracted  via  a  hole  in  the  BN 
through  a  3.5  mm  diameter  emission  aperture  in  the 
plasma  electrode.  Positive  ions  are  accelerated  to  a 
grounded  electrode  with  a  5  mm  aperture  then  pass 
through  a  negatively  biased  electron  stopper  electrode.  A 
final  grounded  electrode  signals  the  entrance  to  the  low 
energy  beam  transport  line  (LEBT). 

The  source  has  operated  for  a  total  of  about  26  days 
including  one  14  day  period  during  which  the  source  was 
vented  to  add  a  diagnostic,  pumped  down  and  operation 
recovered  in  less  than  2  hours. 


With  the  H2  gas  flow  at  8.9  mbar  1/s  and  the  ion  source 
coils  set  to  produce  a  nominal  900  Gauss  field,  the  plasma 
self  starts  at  about  300  W  of  RF  power.  Nominal 
operation  is  with  750  W  of  RF  power  with  only  10  W  to 
15  W  reflected.  Typically,  the  extraction  current  is  6  mA 
and  more  than  5  mA  of  beam  current  is  observed  50  cm 
downstream.  The  electron  stopping  electrode  operates  at 
negative  150  V. 

20  KEV  BEAM  TRANSPORT 

The  beam  transport  and  matching  section  to  the  RFQ 
serves  three  purposes.  Two  solenoid  lenses  and  Tantalum 
apertures  collimate  and  focus  the  beam  into  the  RFQ 
acceptance.  The  BIMS  solenoid  placed  between  the  two 
matching  solenoids  is  used  to  modulate  the  beam  intensity 
according  to  the  needs  of  the  users.  A  pair  of  electrostatic 
plates  chops  the  beam  at  17.79  MHz  to  limit  the  beam 
injected  outside  of  the  phase  acceptance  of  the  cyclotrons. 

The  RFQ  acceptance  dictates  that  at  the  matching  point, 
the  beam  must  have  a  spot  size  of  3.2  mm  and  a  160  mrad 
angle  of  convergence.  The  symmetrical  spot  has  Twiss 
parameters  of  a  =1.69  and  p  =  0.043  mm/mrad  and  an 
emittance  of  0.5  7c-mm-mrad  normalized  to  py  for  90%  of 
the  beam.  The  20keV  beam  emittance  was  measured 
upstream  of  the  final  solenoid  lens  and  after  a  1  cm 
collimator.  At  this  location  the  proton  emittance  falls 
within  an  ellipse  of  0.40  Tt-mm-mrad  normalized  to  Py  for 
95%  of  the  1  mA  beam.  Heavier  ions  were  clearly 
separated  in  phase  space  and  comprised  less  than  15%  of 
the  total  beam. 

The  BIMS  solenoid  is  a  24  turn  coil  with  a  ferrite  return 
path.  It  has  an  inner  diameter  of  4.8  cm  and  length  of 
7.6  cm  with  a  future  plan  to  install  a  1.8  cm  long  focusing 
gap.  During  operation,  the  strength  of  the  first  lens  will 
be  lowered  to  decrease  the  transmission  through  the  RFQ 
to  the  lowest  requested  level.  The  BIMS  lens  will  be 
switched  on  with  a  3  ms  rise  time  at  a  strength  that  will 
give  the  required  beam  current  out  of  the  RFQ.  The  beam 
intensity  is  adjusted  to  a  ratio  of  at  least  30:1  at  the  exit  of 
the  cyclotrons.  Should  the  lens  fail  to  pulse  on  or  fail  off 
during  a  patient  treatment,  it  will  fail  in  a  low  current  safe 
mode.  The  lens  has  been  tested  with  20  keV  beam  into  a 
stop  with  a  1  cm  aperture  25  cm  downstream.  As 
expected,  the  intensity  was  modulated  by  a  modest  2:1  at 
that  measurement  location. 

RADIO  FREQUENCY  QUADRUPOLE 

The  20  keV  to  750  keV  accelerator  is  a  radio  frequency 
quadrupole  (RFQ)  built  by  AccSys  Technology  Inc.  [3] 
and  excited  by  a  20  kW  CW,  213.48  MHz  amplifier  built 
by  Amplifier  Systems  Inc.  [8].  The  basic  design  of  this 
CW  RFQ  is  described  elsewhere  [1,9]. 

Beam  was  accelerated  through  the  RFQ  in  DC  mode 
and  chopped  mode.  As  much  as  0.6  mA  of  protons  was 
measured  after  acceleration.  The  total  beam  transmission 
from  a  stop  30  cm  upstream  of  the  RFQ  matching  point 
was  70%  and  the  proton  transmission  calculated  to  be 
about  90%  after  taking  into  account  the  15%  heavy  ion 
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fraction  at  the  stop.  The  optimal  transmission  through  the 
RFQ  occurred  with  an  output  power  of  about  12.5  kW 
from  the  amplifier.  Figure  3  shows  a  plot  of  the  output 
power  and  relative  vane  voltage  vs.  the  beam  transmission 
through  the  RFQ. 


Figure  3:  The  proton  transmission  is  plotted  against  a 
voltage  derived  from  an  RF  pickup  close  to  a  vane.  The 
forward  power  is  plotted  on  the  right-hand  side. 

The  beam  chopper  was  turned  on  and  by  adjusting  a 
steerer  upstream  of  the  chopper,  pulse  selection  of  nearly 
1:12  of  the  RF  time  structure  was  obtained.  Figure  4 
shows  the  signal  of  the  chopped  beam  as  measured  by  a 
gridded  pick-up  downstream  of  the  quadrupoles  and 
displayed  on  a  1  GHz  bandwidth  oscilloscope.  The  pick¬ 
up  amplifier  is  AC  coupled  so  each  beam  pulse  has  some 
undershoot.  A  2^^^^  harmonic  RFQ  RF  signal  is  also 
observed  as  backgroimd  noise. 


Figure  4:  750  keV  chopped  beam  signal  from  a  gridded 
pick-up  observed  on  an  oscilloscope.  The  central  peak  of 
each  bunch  falls  within  the  RF  phase  acceptance  of  the 
cyclotrons.  The  horizontal  scale  is  20  ns/div. 

Development  of  the  RFQ  operation  will  continue  after 
its  installation.  A  water  cooled  coupling  loop  will  replace 
an  air  cooled  version  in  order  to  improve  the  reliability  of 
the  vacuum  window.  A  circulator  is  being  added  to  the  50 
ohm  line  between  the  amplifier  and  RFQ.  Finally,  a 


±  0.  l^C  regulated  chiller  will  be  used  to  better  regulate  the 
vane  temperature  and  hence  the  matching  to  the  amplifier. 

750  KEV  BEAMLINE 

The  beam  exiting  the  RFQ  is  strongly  divergent 
vertically  and  convergent  horizontally,  A  quadrupole 
triplet  refocuses  the  beam  so  that  it  matches  the 
acceptance  of  the  cyclotron.  The  three  quadrupoles  are 
NEC  [6]  model  MQS17L.  The  pole  tips  have  a  diameter 
of  4.47  cm,  a  physical  length  of  7.62  cm  and  are  designed 
to  operate  with  a  pole  tip  strength  of  0.27  T  with  an 
excitation  of  30  A.  The  quadrupoles  matched  these 
specifications  but  water  cooling  had  to  be  added  to  the 
coils  for  long  term  operation  at  30  A. 

The  quadrupoles  operate  at  their  predicted  values  to 
bring  the  beam  to  a  symmetric  focus  40  cm  downstream 
of  the  triplet.  A  wire  scanner  at  this  location  is  used  to 
measure  the  beam  width  while  the  strength  of  the  third 
quadrupole  is  adjusted.  The  results  are  used  to  calculate 
the  area  and  orientation  of  the  phase  space  ellipse  of  the 
beam  at  the  entrance  of  the  quadrupole.  The  vertical 
emittance  was  measured  to  have  an  rms  emittance  of 
8y  =  0.14  7r-mm*mrad  normalized  to  Py  and  a  horizontal 
emittance  of  Sx  =  0,12  7c*mm-mrad.  This  agrees  well  with 
the  predicted  [1]  emittances  of  0.5  Tc-mm-mrad  normalized 
for  95%  of  the  beam. 

CONCLUSIONS 

The  750  keV  CW  proton  injector  for  the  lUCF 
cyclotrons  was  tested  offline  and  produces  and  accelerates 
the  beam  as  predicted.  The  injector  is  being  installed  at 
the  time  of  this  conference.  Development  and 
commissioning  will  continue  after  the  installation  is 
complete.  This  work  was  supported  by  the  State  of 
Indiana,  Indiana  University,  and  the  DOE  (Grant  No.  DE- 
FG-02000ER62966). 
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Abstract 

The  greenfield  site  option  for  the  Advanced  Hydrotest 
Facility  (AHF)  contains  a  157-MeV  H'  linac  followed  by 
two  synchrotrons,  a  booster  and  a  50-GeV  main  ring. 
Several  different  lattice  designs  are  under  consideration 
for  the  main  ring  while  two  different  booster  designs  are 
presently  being  studied.  The  first  booster  is  a  4-GeV 
synchrotron  operating  at  h=l  with  a  5-Hz  cycle.  The 
second  is  a  9-GeV  machine  operating  at  h=2  with  a  1-Hz 
cycle.  Both  designs  are  required  to  deliver  ~3  x  lO'^ 
p/bunch.  A  longitudinal  painting  scheme  was  employed 
during  injection  to  enhance  beam  quality  and  capture 
during  the  initial  portion  of  the  ramp.  The  longitudinal 
beam  dynamics  simulations  were  performed  with  the 
tracking  code  ESME.  The  purpose  of  these  studies  was  to 
investigate  parameter  space  and  obtain  estimates  for  the  if 
system  requirements.  This  paper  presents  the  results  of 
these  studies. 

INTRODUCTION 

The  Advanced  Hydrotest  Facility  as  presently  envisioned 
would  allow  for  quantitative  proton  radiography  of 
dynamic  experiments  in  support  of  the  stockpile 
stewardship  program.  The  intensity  and  spatial  resolution 
requirements  dictate  the  charge  per  bunch  and  beam 
energy  on  target.  With  twelve  axes  for  3-D  tomography 
and  1%  intensity  precision  at  the  target,  the  50-GeV  Main 
Ring  (MR)  will  be  required  to  produce  ~4.4  x  lO'^protons 
per  cycle  (which  includes  losses  and  a  safety  factor).  To 
fill  -22  rf  buckets  in  the  MR,  a  booster  synchrotron  will 
be  required  to  provide  -3  x  10‘^  protons  per  bunch  (ppb). 
Over  the  last  two  years,  several  MR  and  booster  designs 
have  been  under  consideration.  One  of  the  earlier  booster 
designs  was  a  4-GeV  synchrotron  operating  at  h=l  with  a 
5  Hz  cycle  injecting  into  a  MR  of  either  conventional 
design  that  crosses  transition  or  one  with  a  negative 
momcntuni-conipaction  factor.  The  most  recent  booster 
design  is  a  9-GeV  machine  operating  at  h=2  with  a  1  Hz 
cycle  that  would  inject  beam  above  transition  in  a 
conventional-style  MR  with  a  low  Yf 

BEAM  DYNAMICS  SIMULATIONS 

The  longitudinal,  multi-particle  beam  dynamics 
simulations  for  these  studies  were  performed  with  the 
program  ESME  [1].  In  a  typical  mn,  10^  macroparticles 
were  employed  to  represent  -4  x  lO'^  protons  in  a  bunch. 
Space-charge  impedance  for  a  perfectly  conducting  wall 
was  used  and  all  low-level  RF  feedback  was  disabled. 
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One  handy  feature  of  ESME  is  that  the  user  can  easily 
integrate  additional  subroutines  into  the  code.  This  feature 
was  used  to  produce  several  additional  calculated 
quantities  during  the  simulations. 

Two  new  routines  Were  added  which  calculated  the 
bunching  factor,  Op/p,  an  estimate  of  the  95%  longitudinal 
emittance  and  an  estimate  for  the  longitudinal  microwave 
instability  threshold  using  the  Keil-Schnell  criteria  (using 
Op/p  and  a  form  factor  of  1).  Like  the  standard  calculated 
quantities  in  ESME,  these  are  calculated  for  each  turn  and 
stored  in  the  history  file  for  plotting  or  post-processing. 

BOOSTER  INJECTION 

A  157-MeV  H'  linac  based  upon  the  SNS  design  was 
used  to  provide  the  requisite  beam  for  the  booster. 
Following  the  linac  are  two  rf  tanks  which  serve  a  dual 
purpose.  The  first  is  to  reduce  the  energy  jitter  of  the 
beam  out  of  the  linac  while  the  second  is  to  vary  the 
energy  of  the  beam  across  a  macropulse.  This  latter 
function  will  be  combined  in  synchronous  fashion  with  a 
beam  chopper  at  the  front-end  of  the  linac  and  the  booster 
rf  system  to  provide  a  correlated,  phase-energy  painting 
scheme. 

This  longitudinal  painting  scheme  produces  a  beam  that 
is  well  matched  to  an  existing  rf  bucket  in  the  booster. 
The  beam  chopper  is  used  to  tailor  the  intensity  of  the 
beam  through  the  macropulse  and  remove  particles  that 
would  otherwise  be  outside  of  the  rf  bucket.  By  phase 
modulating  the  rf  drive  to  the  second  post-linac  rf  tank, 
the  energy  of  the  beam  injected  into  the  booster  can  be 
varied  over  the  rf  bucket  height.  PARMILA  beam 
dynamics  simulations  of  the  linac  including  the  additional 
rf  tanks  were  performed  to  create  output  distributions  with 
0  and  ±1.15  MeV  energy  offsets.  These  distributions 
along  with  a  simple  VoSin(|)  representation  of  the  energy 
gain  in  the  second  tank  and  the  desired  chopping  pattern 
were  then  used  to  produce  the  input  beam  distribution.  An 
example  of  the  resulting  longitudinal  distribution 
following  150-tum  injection  into  the  9-GeV  booster  is 
shown  in  Figure  1. 

4  GEV  BOOSTER 

The  4-GeV  Booster  is  a  symmetric,  9-sided  lattice  with 
a  Y,  of  8.9  and  circumference  of  261  m.  It  is  designed  to 
operated  at  h=l  with  a  repetition  rate  of  5  Hz.  The  rf 
frequency  spans  the  range  of  0.592  to  1.128  MHz.  The 
MR  requirements  for  this  machine  dictate  a  95% 
longitudinal  emittance  of  -2  eV-s.  To  accommodate  this 
size  beam  and  a  non-zero  dP/dt  during  injection,  the  rf 
voltage  and  synchronous  phase  were  initially  set  to  8.0  kV 
and  2  degrees,  respectively.  Using  the  coirelated  phase- 
energy  painting  scheme,  injection  occurs  over  150  turns 
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Figure  1:  Longitudinal  distribution  of  beam  in  9  GeV 
booster  following  injection  using  correlated  phase- 
energy  painting  scheme. 


or  253  jis.  The  beam  energy  is  swept  repeatedly  over 
±1.15  Me V  and  the  phase  width  chopped  to  within 
±150  degrees.  To  inject  4x10^^  ppb  will  require  a 
peak  (average)  beam  current  from  the  linac  of 
5.0  (2.5)  mA. 

The  magnet  program  is  designed  to  provide  the  net 
energy  gain  in  121  ms.  The  asymmetry  between  rising  and 
falling  portions  of  the  ramp  was  chosen  to  reduce  the 
maximum  rf  voltage  required  during  acceleration,  while 
keeping  the  voltage  across  each  main  dipole  magnet 
below  the  maximum  available  from  the  programmable 
power  supply.  The  ramp  begins  with  dP/dt  constant  at 
373MeV/c/s  for  the  first  260  [xs.  This  is  immediately 
followed  by  a  parabolic  increase  in  Ps  up  through  the  first 
10  ms.  During  this  time  the  rf  bucket  area  is  increased 
slowly  to  help  limit  particle  loss.  All  beam  loss  occurs 
during  the  first  few  milliseconds.  The  majority  of 
acceleration  occurs  during  the  long  linear  ramp  to  -97% 
of  the  final  momentum.  During  the  linear  ramp,  which 
ends  at  113.5  ms  into  the  cycle,  the  rf  voltage  and  phase 
are  held  constant.  During  the  last  7.5  ms  of  the  cycle, 
dP/dt  is  reduced  linearly  to  zero.  The  rf  voltage  is 
maintained  at  the  maximum  value  while  the  synchronous 
phase  diminishes  to  further  reduce  the  phase-width  of  the 
beam  for  easier  extraction. 

Curves  for  Pg  and  dP/dt  are  shown  in  Figure  2.  Over 
the  cycle  reaches  a  maximum  of  64  kV  while  0s 
remains  below  32  degrees  as  shown  in  Figure  3,  The  95% 
emittance  is  nearly  constant  over  the  cycle  at  -2. 1  eV-s. 
The  threshold  for  microwave  instability  was  estimated  to 
be  a  minimum  of  -180  £2  at  the  end  of  the  cycle.  Beam 
capture  and  transmission  is  very  good  with  over  99%  of 
the  injected  particles  reaching  extraction. 


9  GEV  BOOSTER 

The  9-GeV  Booster  is  a  16-sided  design  with  a  Yt  of 
13.87  and  circumference  of  480  m.  It  is  expected  to 
operate  at  h=2  and  a  repetition  rate  of  1  Hz,  although  an 
h=l  option  is  also  being  considered.  The  rf  frequency 


Ps  . dPs/dt 


Figure  2:  Synchronous  momentum  (Ps)  and  dPg/dt  vs. 
time  for  the  4  GeV  booster. 


Vrf  . Sync  Phase 


Figure  3:  RF  Voltage  and  Synchronous  phase  (0s)  vs. 
time  for  the  4  GeV  booster. 

covers  the  range  of  0.644  to  1.244  MHz.  The  main  ring 
fed  by  this  booster  also  requires  a  95%  longitudinal 
emittance  of  -2  eV-s.  To  accommodate  this  beam,  an  rf 
bucket  is  established  with  the  voltage  and  synchronous 
phase  at  2.3  kV  and  2  degrees,  respectively.  Using  the 
correlated  phase-energy  painting  scheme,  injection  occurs 
over  150  turns  or  466  \is.  The  beam  energy  is  swept 
repeatedly  over  ±1.2  MeV  and  the  phase  width  chopped  to 
within  ±73  degrees.  To  inject  4  x  10^^  ppb  will  require  a 
peak  (average)  beam  current  from  the  linac  of 
5.5  (2.3)  mA. 

The  magnet  program  is  designed  to  provide  the  net 
energy  gain  in  600  ms.  An  asymmetric  ramp  is  used  that 
begins  with  dP/dt  at  283  MeV/c/s.  Ps  increases  in  a  cubic 
fashion  for  the  first  10  ms.  During  this  time  the  rf  bucket 
area  is  kept  approximately  constant  to  help  limit  the  rf 
voltage.  The  cubic  ramp  was  chosen  over  a  parabolic  to 
help  maintain  a  slightly  better  bunching  factor  early  in  the 
cycle.  All  beam  loss  occurs  within  the  first  10  ms.  The 
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majority  of  acceleration  occurs  during  the  long  linear 
ramp  to  -96%  of  the  final  momentum.  During  the  linear 
ramp,  which  ends  at  550  ms  into  the  cycle,  the  rf  voltage 
and  phase  are  held  constant.  During  the  last  50  ms  of  the 
cycle,  dP/dt  is  reduced  linearly  to  zero.  The  rf  voltage  is 
maintained  at  the  maximum  value  while  the  synchronous 
phase  decreases  to  further  reduce  the  phase-width  of  the 
beam  for  easier  extraction  and  increase  Ap/p  to  raise  the 
threshold  for  microwave  instability. 

Curves  for  and  dP/dt  are  shown  in  Figure  4.  Over 
the  cycle  reaches  a  maximum  of  61  kV  while  0s 
remains  below  26  degrees  as  shown  in  Figure  5.  The  95% 
emittance  is  nearly  constant  over  the  cycle  at  -1.9  eV-s. 
The  threshold  for  microwave  instability  was  estimated  to 
be  a  minimum  of  -22  Q  at  the  end  of  the  cycle.  Beam 
capture  and  transmission  is  very  good  with  -99%  of  the 
injected  particles  reaching  extraction. 


Time  [ms] 

Figure  4:  Synchronous  momentum  (Pg)  and  dPg/dt  vs. 
time  for  the  9  GeV  booster. 


SUMMARY 

The  multiparticle  tracking  code  ESME  has  been  used  to 
develop  and  study  the  acceleration  process  in  two 
different  booster  synchrotron  designs  for  AHR  A 
correlated  phase-energy  injection  scheme  was  used  during 
multi-turn  injection  to  maintain  beam  quality  and  reduce 
losses.  The  results  from  the  studies  show  both  booster 
designs  exhibit  low  losses,  maintain  beam  quality  and 
require  only  modest  amounts  of  rf  voltage. 
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Figure  5:  RF  Voltage  and  Synchronous  phase  (0s)  vs. 
time  for  the  9  GeV  booster. 
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Abstract 

The  Spallation  Neutron  Source  (SNS)  accelerator 
systems  will  provide  a  1  GeV,  1.44  MW  proton  beam  to  a 
liquid  mercury  target  for  neutron  production.  In  order  to 
satisfy  the  accelerator  systems’  portion  of  the  Critical 
Decision  4  (CD*4)  commissioning  goal  (which  marks  the 
completion  of  the  construction  phase  of  the  project),  a 
beam  pulse  with  intensity  greater  than  1x10^^  protons 
must  be  accumulated  in  the  ring,  extracted  in  a  single  turn 
and  delivered  to  the  target.  A  commissioning  plan  has 
been  formulated  for  bringing  into  operation  and 
establishing  nominal  operating  conditions  for  the  various 
ring  and  transport  line  subsystems  as  well  as  for 
establishing  beam  conditions  and  parameters  which  meet 
the  commissioning  goal. 

INTRODUCTION 

The  SNS  accelerator  complex  [1]  consists  of  a  2.5  MeV 
H’  injector,  a  1  GeV  linear  accelerator,  an  accumulator 
ring  [2]  and  associated  beam  transport  lines  [3].  The  ring 
and  transport  line  layout  is  shown  in  Figure  1.  The  SNS 
baseline  parameters  are  summarized  in  Table  1.  The  H‘ 
beam  from  the  linac  is  transported  to  the  ring  in  the  High 
Energy  Beam  Transport  (HEBT)  line.  Before  the  90 
degree  bend  in  the  HEBT  is  a  tuning  beam  dump  (the 
Linac  Dump)  which  will  be  used  for  linac  commissioning 
and  linac  tuneup  during  operations.  The  HEBT  delivers 
the  beam  to  the  stripping  foil  for  charge-exchange 
injection  into  the  accumulator  ring  [4].  Unstripped  H"  and 
partially  stripped  (tf)  beams  are  fully  stripped  in  a  second 
foil  and  transported  to  the  injection  dump  via  the  injection 
dump  line  [5] .  In  baseline  operation,  beam  is 
accumulated  in  the  ring  over  1060  turns  reaching  an 
intensity  of  1.5x10^"^  protons  per  pulse.  When 
accumulation  is  complete  the  extraction  kicker  fires 
during  the  250  nsec  gap  to  remove  the  accumulated  beam 
in  a  single  turn  and  direct  it  into  the  Ring  to  Target  Beam 
Transport  (RTBT)  line,  which  takes  the  beam  to  the 
liquid-mercury  target.  Located  midway  along  the  RTBT 
is  another  tuning  beam  dump  (the  Extraction  Dump). 
Both  the  Extraction  and  Linac  dumps  have  7.5  kW  beam 
power  capability  while  the  Injection  Dump  has  200  kW 
capability. 

The  commissioning  of  the  accelerator  complex  will  be 
accomplished  in  stages  as  the  requisite  hardware  is 
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delivered  and  installed  on  the  SNS  site.  The  staged 
commissioning  is  already  underway  with  completion  of 
Front-End  commissioning  [6]  in  January  2003.  After 
completion  of  linac  commissioning  in  late  2004,  the 
accumulator  ring  and  transport  lines  will  be 
commissioned  in  two  separate  runs.  In  the  first  run,  from 
December  2004  to  June  2005,  the  HEBT,  accumulator 
ring  and  RTBT  to  the  extraction  dump  will  be 
commissioned.  In  the  second  commissioning  run,  in 
December  2005,  the  remainder  of  the  RTBT  is 
commissioned  and  beam  is  delivered  for  target  and 
instrument  commissioning. 

The  completion  of  the  construction  and  commissioning 
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Figure  1 :  SNS  Ring  and  Transport  Line  layout 
phase  of  the  project  is  accomplished  by  demonstrating 
specific  performance  criteria.  The  goal  for  ring 
commissioning  is  to  demonstrate  the  accelerator  portion 
of  these  criteria  (the  so-called  Critical  Decision  4,  or  CD- 
4,  criteria)  which  include  accumulating,  extracting  in  a 
single  turn  and  delivering  to  the  target  a  beam  pulse  of 
10^^  protons  at  1  GeV  in  a  machine  configuration  capable 
of  1  MW  operation.  This  CD-4  intensity  is  more  than  an 
order  of  magnitude  less  than  the  design  intensify  of  the 
SNS,  corresponding  to  100  kW  beam  power  if  delivered 
at  60  Hz  repetition  rate. 


Table  1 :  SNS  Baseline  Parameters 


Beam  Energy 

1  GeV 

Ring  Beam  Intensity 

1.5x10“' 

Repetition  Rate 

60  Hz 

Accumulated  Turns 

1060 

Accumulation  Time 

1.0  msec 

Beam  Power  on  Target 

1.44  MW 

0-7803-7738-9/03/$17.00  ©  2003  IEEE 
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In  the  target  commissioning  phase  the  average  beam 
power  must  be  limited  to  3-4  kW  in  order  to  maintain 
radionuclide  inventory  less  than  the  threshold  for  a 
Category  3  Nuclear  Facility.  Thus,  administrative 
limitations  are  in  place  to  maintain  low  average  power  on 
the  target,  although  higher-power  beams  may  be  delivered 
over  a  short  duration. 

A  plan  has  been  formulated  for  commissioning  the 
ring  and  transport  lines  to  reach  the  CD-4  goal  and 
beyond.  Central  to  the  success  of  this  plan  will  be  the 
successful  commissioning  of  key  diagnostic  systems 
deployed  in  the  transport  lines  and  accumulator  ring  [7]. 
The  capabilities  of  those  diagnostic  systems  that  will  be 
most  heavily  relied-upon  during  commissioning,  the  beam 
position  monitors  (BPM),  beam  current  monitors  (BCM), 
loss  monitors  (BLM)  and  wire  scanners  are  summarized 
in  Table  2. 


Table  2:  SNS  Ring  and  Transport  Line  Diagnostics 


System 

Range 

Accuracy/ 

Resolution 

BPM-phase 

(HEBT) 

±180° 

±2°/ 0.1° 

BPM-position 

±  pipe  radius 

±  l%/0.5%  of 
radius 

BCM  (HEBT) 

15-52  mA 

±l%/0.5% 

BCM  (Ring/RTBT) 

15mA-100A 

±l%/0.5% 

BLM 

1-2.5x10=’ r/hr 

±l%/0.5  r/hr 

Wire  Scanners 

±  pipe  radius 

10%/5%  on  rms 
width 

COMMISSIONING  APPROACH 

In  order  to  minimize  activation  of  the  ring  and  transport 
line  hardware  during  commissioning,  initial  tuning  will  be 
performed  with  a  short  beam  pulse  delivered  at  low 
repetition  rate,  typically  in  a  single-shot,  “pulse-on- 
demand”  basis.  It  is  expected  that  linac  beam  pulse- 
lengths  (controlled  by  the  chopper  system  in  the  Front- 
End  injector)  in  the  range  5-20  psec  will  be  utilized 
initially,  although  experience  during  linac  commissioning 
will  provide  guidance  on  the  minimum  reliably  achievable 
pulse  length.  The  beam  intensity  can  be  reduced,  if 
needed,  by  tuning  the  ion  source,  or  inserting  a  current- 
limiting  aperture  in  the  injector  beamline. 

It  is  assumed  that  only  the  BLMs  are  functioning  on 
“day-one”  as  the  other  systems  will  need  beam  to  “time- 
in”  and  verify  proper  operation.  Initial  beam  transport  in 
a  new  section  of  the  ring  and  transport  lines  proceeds  by 
tracking  the  progress  with  beam  loss  monitors  and 
minimizing  the  losses  using  corrector  dipoles.  In  each 
case  the  initial  goal  is  to  transport  the  beam  to  the 
appropriate  beam  dump  as  rapidly  as  possible.  Once  this 
is  accomplished,  the  basic  diagnostics  (BCMs,  BPMs  and 
profile  measuring  devices)  are  commissioned.  The 
transport  efficiency  is  tuned  up  with  BCMs  and  BLMs. 
With  the  beam  safely  transported  to  the  dump, 
measurement  and  correction  of  the  trajectory  is  performed 
and  beam  optics  studies  and  correction  commence. 


COMMISSIONING  SEQUENCE 

The  follo'wing  describes  the  various  steps  in  the 
commissioning  sequence. 

HEBT  Commissioning 

As  part  of  linac  commissioning,  that  portion  of  the 
HEBT  from  the  end  of  the  superconducting  linac  to  the 
Linac  Dump  is  commissioned.  A  four-wire-scanner  array 
is  located  in  this  part  of  the  beamline,  allowing 
measurement  of  emittance  and  twiss  parameters  of  the 
linac  output.  Several  quadrupoles  are  available  for 
matching  the  linac  beam  to  the  HEBT  optics.  Proper 
beamsize  at  the  linac  dump  window  [8]  must  be  verified 
and  adjusted  with  dump  line  quadrupoles  if  necessary. 
The  operability  of  the  dump  and  bulk  shielding  are 
verified  up  to  the  beam  dump  limit  of  7.5  kW. 

The  goals  of  HEBT  commissioning  are  to  bring  the 
HEBT  beamline  components  into  operation,  commission 
diagnostics  systems,  transport  a  beam  to  the  injection 
dump  and  verify  the  dump’s  performance,  measure  and 
correct  the  HEBT  trajectory  and  optics  and  transport  a 
CD-4  pulse  (10*^  protons)  to  the  injection  dump.  Initial 
tuning  will  rely  on  loss  monitors  with  the  goal  of 
transporting  the  beam  to  the  injection  dump,  which 
includes  transport  through  the  injection  region  of  the  ring 
lattice.  Provision  has  been  made  for  moving  a  phosphor 
screen  into  place  at  the  injection  point  (replacing  the 
stripping  foil)  for  visual  confirmation  of  beam  parameters. 

A  number  of  measurement  and  correction  steps  are 
required  to  establish  proper  optical  parameters. 
Achromaticity  of  the  90  degree  bend  must  be  established. 
Matching  of  the  beam  after  the  achromat  to  the  remainder 
of  the  line  will  be  performed  using  a  four-wire-scanner 
array.  The  dispersion  at  the  injection  point  will  be 
measured  and  corrected  if  necessary.  Finally,  two  RF 
cavities,  an  energy  corrector  cavity  and  a  momentum 
painting  (“spreader”)  cavity  will  be  commissioned  and 
their  phase  and  amplitude  setpoints  established.  Once  the 
transport  line  trajectory  and  optical  parameters  have  been 
established,  the  beam  pulse  length  is  increased  to 
transport  10^^  protons  to  the  Injection  Dump. 

Ring  Commissioning 

The  objective  of  this  phase  of  commissioning  is  to 
bring  the  ring  hardware  into  operation,  commission  key 
diagnostic  systems,  measure  and  correct  the  ring  orbit  and 
optical  functions,  commission  the  extraction  system, 
demonstrate  accumulation  of  10^^  protons  and 
successfully  transport  a  CD-4  beam  to  the  extraction 
dump. 

The  initial  commissioning  studies  focus  on  transporting 
a  low-intensity  beam  around  the  ring  to  establish  the 
closed-orbit.  Initial  injection  proceeds  by  powering  the 
dynamic  injection  bump  magnets  to  place  and  hold  the 
closed-orbit  in  the  foil  while  injecting  a  short  pulse  of  a 
few  ring  turns.  Initial  tuning  uses  the  dipole  correctors 
while  observing  the  beamloss  monitors  to  establish  first 
one,  and  then  several  ring  turns.  The  ring  BCM  is 
commissioned  first  and  used  to  tune-up  the  transport 
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efficiency.  The  BPM  system  is  then  commissioned  and 
the  orbit  is  measured  and  corrected.  Several  closed-orbit 
correction  schemes  are  envisioned:  i)  harmonic 
correction,  ii)  model-based  correction,  hi)  response- 
matrix  (model-independent)  correction  and  iv)  three- 
bump  correction.  The  chicane  and  injection  bump  closure 
is  established. 

With  the  trajectory  corrected  the  optics  are  measured 
and  corrected.  The  betatron  tunes  are  measured  with  the 
tum-by-tum  BPM  system,  the  tune  controls  are 
commissioned  and  the  tunes  adjusted  as  necessary.  By 
injecting  a  beam  off-axis  and  observing  the  betatron 
motion  on  the  tum-by-tum  BPM  system  the  phase 
advance  between  BPMs  can  be  measured.  This  data  will 
then  be  used  in  a  model-based  correction  method  to  adjust 
the  six  main  quadrupole  power  supplies  to  reproduce  the 
design  optics.  The  chromatieity  is  measured  and  the 
sextupoles  are  powered  to  commission  the  chromatieity 
correction  controls.  The  dispersion  is  readily  measured 
by  injecting  an  off-energy  beam. 

Nominal  operating  conditions  of  the  RF  system  are  then 
established.  The  revolution  frequency  is  measured  with  a 
wall  current  monitor.  The  cavities  are  independently 
powered,  and  the  phase  and  amplitude  loop  stability  is 
checked  with  beam.  Cavity  relative  phase  setpoints  may 
be  found  by  injecting  an  “un-chopped”  beam  with  a  single 
cavity  powered.  The  relative  phases  of  the  second  and 
third  cavities  are  adjusted  to  obtain  the  same  WCM 
profile  as  observed  on  the  first  cavity.  The  cavity 
voltages  can  be  set  by  observing  the  synchrotron  motion 
of  a  beam  stored  for  several  msec. 

The  ring  extraction  system  and  RTBT  to  the  extraction 
dump  are  then  commissioned.  Proper  operation  of  the 
individual  extraction  kicker  modules  is  confirmed  by 
triggering  the  kickers  individually  and  observing  the 
betatron  motion  in  the  ring.  The  relative  timing  of  the 
kicker  modules  is  established.  A  small  beam  is  extracted 
and  the  extraction  septum  aperture  is  scanned  to  establish 
nominal  kicker  strengths.  Extracted  beam  is  first 
observed  on  BLMs  and  a  BCM  located  in  the  RTBT.  A 
small  beam  current  is  transported  to  the  extraction  dump. 
The  extraction  efficiency  and  beam  transport  efficiency  in 
the  RTBT  is  tuned-up  with  dipole  correctors  and  loss 
monitors.  The  bulk  shielding  of  the  dump  is  verified. 

In  the  next  phase  of  commissioning  conditions  are 
established  for  multi-turn  injection  by  phase-space 
painting  with  a  goal  of  transporting  10^^  protons  to  the 
extraction  dump.  This  can  be  achieved  by  accumulating 
70  turns  at  the  nominal  ion  source  current.  The  injected 
beam  parameters  are  characterized  (momentum  spread, 
energy  jijtter  and  momentum  deviation)  and  then  the 
injected  beam  controls  (position  and  angle  on  the  foil)  are 
established.  The  injection  kicker  waveforms  for  phase- 
space  painting  are  loaded  and  bump  closure  is  measured 
and  corrected.  Pulses  of  successively  greater  length  are 
injected  to  reach  the  10^^  goal  with  minimization  of  losses 
by  orbit,  tune,  chromatieity,  injection  kicker  and 
extraction  tuning.  The  painted  beam  profiles  are 
measured  with  monitors  in  the  RTBT  and  extraction 


dump  line.  If  necessary,  the  settings  of  the  primary 
collimator  may  be  explored  at  this  point  of 
commissioning. 

As  each  portion  of  the  accelerator  is  commissioned,  the 
beamloss  monitor  thresholds  (used  for  input  to  the 
Machine  Protection  System,  or  MPS)  are  adjusted,  and 
the  MPS  performance  is  checked  with  intentional 
controlled  loss  near  each  location.  Fault  studies  directed 
at  verifying  the  bulk  shielding  are  performed  as  outlined 
in  the  SNS  Operations  Procedures  Manual. 

Studies  for  High  Intensity  Operation 

After  successful  accumulation  and  extraction  of 
protons,  studies  related  to  high-intensity  and  high-power 
operation  of  the  ring  are  planned  as  time  permits.  A 
number  of  accelerator  physics  issues  central  to  operation 
at  high-intensity  can  be  studied  by  accumulating  beam 
intensities  above  the  CD-4  goal  at  low  repetition  rate. 
The  topics  studied  will  include  i)  RF  system  beam¬ 
loading  compensation,  ii)  space-charge  studies,  iii) 
exploration  of  unstable  collective  modes  by  delaying 
extraction,  iv)  measurement  of  electron-cloud  effects  and 
observation  of  electron  signals  on  electron  detectors,  and 
v)  test  of  a  prototype  transverse  feedback  system. 

RTBT  to  Target  Commissioning 

In  this  final  phase  of  commissioning,  the  beamline 
downstream  of  the  RTBT  dipole  magnet  to  the  target  is 
commissioned,  the  proper  beamsize  demanded  by  the 
target  is  verified  with  a  Harp  located  just  downstream  of 
the  last  quadrupole  magnet,  and  beam  pulses  of  10^^ 
protons  are  delivered  to  the  target  to  satisfy  the  CD-4 
goal. 

CONCLUSIONS 

A  detailed  step-by-step  plan  for  commissioning  the  SNS 
ring  and  transport  lines  has  been  formulated.  This  plan 
focuses  on  achieving  the  CD-4  criteria  of  accumulating, 
extracting  in  a  single  turn  and  transporting  to  the  target 
10^^  protons  at  1  GeV. 
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Abstract 

The  Spallation  Neutron  Source  (SNS)  accelerator 
systems  will  provide  a  1  GeV,  1.44  MW  proton  beam  to  a 
liquid  mercury  target  for  neutron  production.  In  order  to 
ensure  adequate  lifetime  of  the  target  system  components, 
requirements  on  several  beam  parameters  must  be 
maintained.  A  series  of  error  studies  was  performed  to 
explore  credible  fault  scenarios  which  can  potentially 
violate  the  various  beam-on-target  parameters.  The 
response  of  the  beam-on-target  parameters  to  errors 
associated  with  the  phase-space  painting  process  in  the 
ring  and  field  setpoint  errors  in  all  the  ring-to-target  beam 
transport  line  elements  were  explored  and  will  be 
presented.  The  plan  for  ensuring  beam-on-target 
parameters  will  also  be  described. 

INTRODUCTION 

The  Spallation  Neutron  Source  (SNS)  accelerator  consists 
of  a  2.5  MeV  H-  Injector,  a  1  GeV  Linear  Accelerator,  an 
Accumulator  Ring  and  associated  transport  lines  [1].  The 
linac  provides  an  average  macropulse  current  of  26  mA 
which  is  accumulated  over  1060  turns  by  charge- 
exchange  injection  in  the  accumulator  ring.  The  ring 
intensity  reaches  1.5x10^"^  protons  at  which  point  the 
current  is  extracted  in  a  single  turn  and  transported  to  the 
target  via  the  Ring-to-Target  Beam  Transport  (RTBT)  line 
[2].  With  a  repetition  rate  of  60  Hz,  the  SNS  provides 
1.44  MW  average  beam  power  to  the  liquid  mercury 
target  [3]  for  spallation  neutron  production.  The  baseline 
SNS  beam  parameters  are  summarized  in  Table  1 . 


Table  1 :  Baseline  SNS  Parameters 


Parameter 

Baseline  Value 

Beam  Power  on  Target 

1.44  MW 

Accumulated  Protons 

1.5x10''' 

Accumulated  Turns 

1060 

Repetition  Rate 

60  Hz 

Beam  Energy 

1  GeV 

Target  Cross-section 

404mm  x  104  mm 

Beam  spot  width  x 

200mm  x  70  mm 

In  order  to  ensure  adequate  lifetime  of  target  system 
components,  requirements  on  several  beam-on-target 
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Berkeley,  Los  Alamos  and  Oak  Ridge. 

*shenderson@sns.gov 


parameters  must  be  maintained.  These  various 
requirements  are  summarized  in  Table  2.  At  the  target 
shroud  face  the  nominal  proton  beam  spot  size  is 
200x70mm^.  For  the  baseline  parameters  shown  in  Table 
1,  the  normal  peak  single  pulse  density  is  1.9x10^® 
protons/m^,  the  time-averaged  peak  current  density  is  0.18 
A/m^  the  time-averaged  beam  current  density  over  the 
nominal  spot  size  is  0.103  A/m^  and  93%  of  the  beam 
power  is  within  the  nominal  footprint.  Of  primary  concern 
is  the  peak  single  pulse  proton  density.  If  the  peak 
density  increases  by  more  than  25%  above  nominal 
(2.3x10^^  protonsW)  the  beam  must  be  shut  off  within 
two  60  Hz  pulses.  Another  requirement  demands  that 
90%  of  the  total  beam  power  remain  within  the  nominal 
beam  spot.  In  an  off-normal  condition  in  which  more  that 
half  the  beam  power  lies  outside  the  nominal  beam  spot 
the  beam  must  be  shut  off  within  two  60  Hz  pulses.  In 
normal  operation,  the  time-averaged  peak  current  density 
on  the  target  remains  below  0.18  A/m^.  In  an  off-normal 
condition  in  which  the  time-averaged  peak  current 
increases  by  10%  (0.20  A/m^),  the  beam  should  be  shut 
off  within  10  seconds.  In  addition,  tolerances  on  the 
beam  centroid  are  noted  in  the  table. 


Table  2:  Beam  on  Target  Requirements 


Requirement 

Normal 

Condition 

Off-Normal 

Condition 

Fault 

Duration 

Peak  single 
pulse  density 

<  1.9x10'® 
proton/m^ 

>2.3x10'® 

proton/m^ 

<  2  pulses 

Peak  time 
averaged  cur¬ 
rent  density 

<0.18 

A/m^ 

>0.20A/m^ 

10  sec 

Power  within 
nominal  spot 

>  90% 

<  50% 

<  2  pulses 

Centroid 
tolerance  . 

±  2  mm 

A  series  of  error  studies  was  performed  to  explore 
credible  fault  scenarios  which  could  potentially  violate 
these  beam-on-target  parameters.  The  following  faults 
were  considered  in  this  study:  i)  phase-space  injection 
painting  errors  in  the  accumulator  ring,  ii)  ring  extraction 
kicker  misfires,  iii)  RTBT  dipole  errors,  iv)  RTBT 
quadrupole  errors  and  v)  RTBT  dipole  corrector  errors. 
These  various  fault  scenarios  are  discussed  in  turn. 
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THE  RING-TO-TARGET  BEAM 
TRANSPORT  LINE 

The  RTBT  is  described  in  [2],  The  line  begins  in  the 
ring  extraction  region.  The  extraction  system  [4]  consists 
of  14  fast  kicker  magnets  to  deflect  the  beam  vertically 
into  the  extraction  septum  magnet,  which  then  directs  the 
beam  into  the  RTBT.  The  RTBT  lattice  consists  of  30 
quadrupoles,  one  dipole  and  19  dipole  correctors.  Two 
collimators  provide  protection  of  the  target  system  from 
large  amplitude  particles.  The  beta-functions  are 
increased  in  the  last  quadrupoles  to  achieve  the  large 
beamsize  required  by  the  target.  A  10m  drift  takes  the 
beam  from  the  last  quadrupole  to  the  target  face.  Two 
meters  upstream  of  the  target  is  a  4  mm  thick  Inconel 
Proton  Beam  Window  which  separates  the  accelerator 
vacuum  from  the  target  environment. 

Central  to  the  discussion  of  faults  and  machine  errors  is 
the  consideration  of  the  aperture  throughout  the  machine. 
The  collimation  system  [5]  in  the  ring  consists  of  three 
actively  cooled  absorbers  which  form  the  limiting 
apertures  for  the  ring  with  admittance  of  300  7imm-mrad 
in  each  plane.  The  collimation  system  includes  an 
adjustable  scraper  which  is  expected  to  reside  at  200 
Tcmm-mrad.  The  collimators  in  the  RTBT  have  300  Timm- 
mrad  horizontal  admittance  and  400  Timm-mrad  vertical 
admittance. 

RING  INJECTION  PAINTING  FAULTS 

In  order  to  minimize  space-charge  and  other  collective 
effects  in  the  accumulator  ring,  phase-space  painting  is 
utilized  in  all  three  planes  [6].  Transverse  painting  is 
accomplished  by  a  set  of  injection  bump  magnets  that 
sweep  the  closed-orbit  at  the  injection  point  during  the 
accumulation  cycle. 

Several  painting  faults  have  been  considered,  i) 
injection  onto  the  closed-orbit  (corresponding  to  a  failure 
mode  in  which  the  bump  magnets  are  “stuck”  at  full  scale 
excitation),  ii)  failure  of  the  horizontal  injection  bump 
magnets,  iii)  failure  of  the  vertical  injection  bump 
magnets,  and  iv)  failure  of  both  sets  of  bump  magnets.  In 
each  case  increasing  levels  of  ring  quadrupole  gradient 
errors  (up  to  a  maximum  of  25%  beta  ftmction  errors) 
were  explored. 

The  case  of  injection  onto  the  closed-orbit  is  potentially 
dangerous  because  a  high-current-density  beam  is 
produced.  Particle-in-cell  simulations  using  ORBIT  [7] 
show  that  indeed  the  current  density  on  the  target  can 
reach  0.47  A/n?  (or  a  single  pulse  density  of  4.9x10^^ 
protons/m^)  producing  an  off-normal  pulse.  However, 
this  fault  is  accompanied  by  loss  of -0.5%  of  the  beam  in 
the  ring,  which  is  a  factor  of  -5  greater  than  nominal 
conditions.  This  condition  is  readily  detected  with  loss 
monitors  that  trip  the  Machine  Protection  System  (MPS). 
Furthermore,  this  is  an  unsustainable  fault  condition  since 
the  closed  orbit  remains  in  the  injection  foil,  increasing 
the  foil  heating  by  more  than  an  order  of  magnitude  -  a 
condition  that  leads  to  the  rapid  disintegration  of  the  foil. 


1  2  3  4  5  6  7  8  9  10  11  12  13  14  15 
Failed  Extraction  Kicker  Number 

Figure  1 :  Fraction  of  beam  outside  the  nominal  target 

footprint  for  single  extraction  kicker  failures. 

Number  15  shows  the  nominal  value. 

The  other  faults  mentioned  are  important  to  consider  as 
they  have  the  potential  for  painting  larger  beams  which 
could  in  principle  violate  “beam-in-footprint” 
requirements.  It  is  found  that  in  all  the  fault  scenarios 
involving  failure  of  the  injection  bump  system  the  ring 
losses  are  orders  of  magnitude  larger  than  nominal 
conditions  and  are  therefore  readily  detected  by  loss 
monitors.  In  the  case  of  horizontal  or  vertical  injection 
bump  failure,  -15%  of  the  beam  is  lost,  whereas  for 
failure  of  both  sets  of  injection  bump  magnets  -40%  of 
the  beam  is  lost.  In  none  of  these  injection-bump  failure 
cases  are  off-normal  target  pulses  produced.  Finally,  it 
should  be  noted  that  the  injection  kicker  waveform  is 
monitored  for  proper  operation  by  the  MPS  system, 
providing  further  protection  against  this  class  of  failures. 

EXTRACTION  KICKER  MISFIRES 

The  RTBT  transport  line  optics  are  designed  to  achieve 
an  integral  multiple  of  n  phase  advance  between  the  ring 
extraction  straight  and  the  target  in  order  to  minimize  the 
displacement  at  the  target  if  one  or  more  kickers  fails  to 
fire.  In  addition,  the  RTBT  collimation  system  is 
designed  to  protect  the  target  from  faults  in  which  two  or 
more  extraction  kicker  magnets  fails  to  fire.  The 
extraction  kicker  misfires  are  not  capable  of  modifying 
the  current  density,  but  may  displace  the  beam  centroid. 

Figure  1  shows  the  fraction  of  beam  outside  the 
nominal  target  footprint  as  a  function  of  extraction  kicker 
number  for  single  kicker  failures.  In  nominal  conditions 
about  6.5%  of  the  beam  lies  outside  the  nominal  footprint, 
whereas  all  faults  respect  the  10%  requirement,  and  are 
therefore  incapable  of  producing  off-normal  conditions. 

DIPOLE  ERRORS 

There  are  two  high-field  dipoles  in  the  transport  line, 
the  extraction  septum  magnet  and  the  16.8  degree  bend 
magnet.  It  was  found  that  for  0.1%  field  errors  in  either 
of  these  dipoles,  more  than  10%  of  the  beam  was  lost  on 
the  RTBT  collimators  -  a  situation  which  is  easily 
detected  by  loss  monitors.  Even  for  these  rather  large 
dipole  errors,  an  off-normal  condition  is  never  produced. 
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The  impact  of  dipole  corrector  faults  has  been  assessed 
by  investigating  the  beam-on-target  parameters  for  the 
case  of  full-scale  powering  of  single  correctors.  It  is 
found  that  single  corrector  failure  is  incapable  of 
generating  an  off-normal  condition. 

QUADRUPOLE  FAULTS 

Quadrupole  faults  have  the  potential  to  both  increase 
the  current  density  on  the  target  and  place  beam  outside  of 
the  nominal  footprint.  The  RTBT  beamline  contains  30 
quadrupoles,  powered  by  19  supplies.  The  impact  of 
quadrupole  errors  was  investigated  by  transporting  the 
nominal  extracted  beam  distribution  through  the  RTBT  to 
the  target  (including  scattering  in  the  proton  beam 
window)  while  each  quadrupole  (or  string  of  quadrupoles 
as  determined  by  power  supply  configuration)  was  swept 
from  zero  to  50%  higher  than  its  nominal  operating 
gradient.  The  detailed  vacuum  chamber  geometry  was 
included  to  accurately  model  the  losses  in  the  beamline. 
The  losses  were  tallied  and  the  beam-on-target  parameters 
recorded  at  each  quadrupole  setting. 

Figure  2  demonstrates  the  results  for  the  “beam-in¬ 
footprint”  requirement.  Shown  is  the  fraction  of  the  beam 
which  is  lost  in  the  RTBT  at  that  power  supply  current  for 
which  the  “beam-in-footprint”  off-normal  condition  (of 
50%  of  the  beam  power  lying  outside  the  nominal 
beamspot)  is  just  met.  The  solid  bars  show  the  beam 
fraction  lost  up  to  and  including  the  last  quadrupole,  and 
the  light  bars  show  the  beam  fraction  lost  between  the  last 
quadrupole  and  the  target.  To  generate  an  off-normal 
beam  pulse  requires,  in  most  cases,  the  loss  of  much  of 
the  beam  in  the  beamline  -  a  condition  which  is  readily 
detected  by  loss  monitors.  Exceptions  to  this  rule  are  the 
last  few  quadrupoles  in  the  line  (power  supplies  16 
through  19),  which  are  capable  of  violating  the  “beam-in- 
footprint”  condition  without  generating  losses  in  the 
beamline  proper.  For  these  cases,  dedicated  hardware 
current  monitors  will  be  deployed. 

Figure  3  shows  the  maximum  target  current  density 
achievable  by  tuning  single  power  supplies  from  zero  to 
50%  above  nominal  current  with  all  others  at  their 
nominal  currents.  It  is  noted  that  eleven  power  supplies 
have  the  capability  of  violating  the  peak  single  pulse 
density  requirement  (which  corresponds  to  0.22  A/m^ 
time  averaged  current  density).  In  many  of  these  cases 
detectable  beamloss  is  predicted.  Again,  some 
quadrupoles  (particularly  near  the  end  of  the  RTBT)  do 
not  produce  detectable  beamloss  and  so  dedicated 
hardware  current  monitoring  will  be  used. 

FAULT  PROTECTION  STRATEGY 

To  ensure  required  target  parameters  the  following 
approach  will  be  taken.  First,  the  proper  operation  of  the 
ring  injection  painting,  extraction  and  RTBT  beamline 
will  be  certified  by  measurement  of  beam  profiles  in  the 
RTBT,  both  in  wire  scanner  arrays  as  well  as  at  a  Harp 
located  immediately  downstream  of  the  last  quadrupole  in 
the  RTBT  beamline.  Once  the  beam  profiles  and 


trajectory  are  certified,  software  current  limits  will  be 
placed  on  each  RTBT  power  supply  to  avoid  accidental 
mistuning.  The  power  supply  status  is  read  prior  to  each 
60  Hz  beam  pulse  and  factored  into  the  beam  permit  for 
the  next  pulse.  In  addition,  the  MPS  has  power  supply 
status  inputs  in  hardware  to  ensure  that  a  power  supply 
has  not  tripped.  Critical  magnetic  elements  such  as  the 
last  quadrupoles  in  the  line  will  have  dedicated  current 
monitoring  hardware  providing  an  enable  signal  to  the 
MPS.  As  shown  above,  the  beamloss  monitoring  system, 
which  is  also  linked  to  the  MPS  in  hardware,  provides 
protection  against  most  target  violating  conditions  since 
such  conditions  are  typically  accompanied  by  substantial 
beamloss  in  the  RTBT. 


□  Beam  Lost  in  Beamline  Region  □  Beam  Lost  in  Target  Region 


Figure  2:  Fraction  of  beam  lost  in  RTBT  at  the 
power  supply  setting  which  produces  an  off- 
normal  “beam-in-footprint”  condition. 


RTBT  Quadrupole  Power  Supply 

Figure  3:  Peak  current  density  achievable  by  tuning 
each  power  supply  individually,  leaving  the  others  at 
nominal  strength. 
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Abstract 

The  next  generations  of  FELs  at  TJNAF  will  produce 
coherent  light  at  power  levels  of  10  kW  and  100  kW, 
respectively  [1].  To  achieve  these  power  levels,  200  MeV 
electron  beams  of  10  mA  and  100  mA  have  to  be 
accelerated  in  the  linear  accelerators  of  the  devices.  The 
accelerators  will  be  based  on  superconducting 
technology.  Stable  operation  of  these  machines  is  only 
possible  if  the  cavity  Higher  Order  Modes  (HOM)  excited 
by  the  beams  can  sufficiently  be  damped.  One  of  the 
possible  accelerating  structures  which  can  fulfill  this 
requirement,  is  a  superstructure  (SST)  made  of  two 
weakly  coupled  subunits  and  equipped  with  appropriate 
HOM  couplers.  Based  on  the  positive  experience  at 
DESY  with  1.3  GHz  superstructures,  we  are  investigating 
for  possible  use  similar  structures  in  the  linacs  for  the 
FEL  upgrades.  We  have  built  a  copper  model  of  the 
proposed  superstructure,  based  on  two  copper  models  of 
the  5-cell  CEBAF  cavities.  This  contribution  presents 
measured  results  on  this  model.  We  are  now  in  the 
process  of  fabrication  a  Nb  prototype  and  hope  to 
perform  its  cold  test  by  the  end  of  this  year. 

INTRODUCTION 

Two  superstructures  have  been  recently  successfully 
used  at  DESY  to  accelerate  a  pulsed  4  mA  electron  beam 
to  an  energy  of  47  MeV  [2].  TTie  acceleration  process  was 
very  stable  and  the  measured  bunch-to-bunch  energy 
variation  was  below  achievable  test  accuracy  of  2T0"^ 
[3].  In  addition,  the  experiment  at  DESY  showed  that  the 
HOM  suppression  in  two  tested  2x7-cell  superstructures 
was  very  good  and  no  HOM-driven  instability  was 
observed. 

The  proposed  superstructure  is  based  on  the  original 
CEBAF  5-cell  cavities  [4].  Two  cavities  (subunits)  couple 
to  each  other  via  a  half  wave  length  long  interconnecting 
beam  pipe,  which  provides  0.04  %  coupling  (Fig.  1).  The 
superstructure  features  one  HOM  coupler  at  each  end  and 
two  HOM  couplers  at  the  interconnecting  beam  pipe.  The 
couplers  are  based  on  the  coaxial  line  technique  and  are 
almost  identical  to  TESLA  HOM  couplers  [5].  Their 
outer  diameter  is  40  mm.  There  is  still  enough  space  to 
add  more  HOM  couplers  if  required. 

This  SST  allows  for  much  better  HOM  suppression  than 
a  standard  10-cell  cavity  since  HOM  couplers  can  be 
attached  to  the  interconnection  in  the  “middle”  of  the 
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Figure  1:  2x5-cell  superstructure  equipped  with  four 
HOM  couplers  and  only  one  FPC  to  feed  10  cells  with 
RF-power. 

structure.  In  addition,  a  standard  waveguide  Fundamental 
Power  Coupler  (FPC)  at  one  end,  as  for  the  CEBAF 
cavities,  is  used  to  feed  the  RF-power  into  all  10  cells.  A 
shape  modification  of  the  inner  end  cells  is  necessary  to 
compensate  for  the  larger  inner  diameter  of  the 
interconnecting  pipe  and  to  maintain  the  right  frequency 
and  the  field  flatness  in  the  accelerating  mode.  Each  5- 
cell  subunit  will  be  housed  in  an  individual  LHe  vessel 
and  each  will  be  equipped  with  a  cold  tuner.  The 
computed  RF-parameters  of  this  SST  are  listed  in  Table 
1. 

Table  1 .  RF-parameters  of  the  2x5-cell  superstructure 


Parameter 


Frequency  of  the  accelerating  mode 

[MHz] 

1497 

Gell-to-cell  coupling,  kcc 

[%] 

3,29 

Subunit-to-subunit  coupling  for,  kss 

[%] 

4-10'^ 

Subunit  field  instability  factor,  N^/kcc 

[10'] 

760 

(R/Q) 

m 

926 

Geometric  factor,  G 

275 

Distance  to  the  next  resonance 

[kHz] 

335 

Fpeak  /Face 

2.64 

Bpeak/Eacc  [mT/(MV/m)] 

4.74 

Active  length 

[m] 

1.0 

The  field  profile  of  this  SST’s  accelerating  mode  is  very 
insensitive  to  frequency  errors  of  an  individual  cell.  It  is 
much  less  sensitive  than  in  the  case  of  a  standard  cavity 
with  the  same  number  of  cells.  This  is  due  to  possible 
frequency  correction  over  each  individual  5-cell  subunit 
by  means  of  the  cold  tuner.  Moreover,  the  field  profile 
within  a  subunit  is  very  stable,  because  the  cell-to-cell 
coupling,  kcc,  is  very  strong  The  SST  can  increase  the 
active  length  in  a  cryomodule  while  the  number  of  input 
couplers  will  be  reduced.  In  the  standard  8  m  long 
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CEBAF  cryomodule,  with  forty  active  cells,  one  could 
house  six  SSTs  with  sixty  active  cells.  By  comparison  the 
current  upgrade  design  allows  for  fifty-six  cells  (eight  7- 
cell  cavities).  The  distance  between  superstructures 
would  be  233  mm,  requiring  modification  of  the  beam 
line  layout  and  adaptation  of  a  TESLA-like  tuner  [6]  as 
well  as  use  of  Nb  bellows  with  few  convolutions  to  relax 
mechanical  tolerances  and  simplify  string  assembly.  The 
first  prototypes  of  a  Nb  bellows  has  been  manufactured 
at  JLAB  and  the  engineering  work  is  in  progress  [7]. 

MEASUREMENTS  ON  THE  COPPER 
MODEL 

The  copper  model  of  the  proposed  SST  has  been 
retrofitted  from  two  existing  copper  models  of  5-cell 
cavities  by  modifying  the  two  inner  end  cells  at  the 
interconnection  side  (Fig.  2).  We  built  this  model  to 
verify  our  prediction  of  some  RF-properties  of  the 
accelerating  mode.  The  second  purpose  was  to  look  at  the 
suppression  of  HOMs. 


Figure  2:  The  copper  model  of  the  superstructure.  The 
zoomed  picture  shows  the  interconnection  with  two  HOM 
couplers 


Accelerating  Mode 

The  measured  field  profiles  of  the  accelerating  mode 
and  its  nearest  neighbour  are  shown  in  Fig.  3  and  Fig.  4. 
Both  agreed  very  well  with  the  theoretical  computed 
profiles.  The  superstructure  FPC  is  placed  at  -90  mm, 
from  the  last  iris  of  the  end  cell.  The  measured  Qext  of  the 
FPC  for  the  accelerating  mode  is  2.5*10^.  The  value  of 
Qext  can  be  adjusted  by  means  of  a  waveguide  3-stub 
tuner  and/or  by  choosing  a  different  position  of  the  end 
short  in  the  FPC  waveguide  on  the  opposite  side  of  the 
axis. 

Damping  of  HOMs 

Parasitic  cavity  modes,  mainly  dipoles,  can  spoil  the 
quality  of  the  beam.  The  computed  frequencies  and  the 
(R/Q)  values  of  the  high  impedance  dipoles  are  listed  in 
Table  2  together  with  measured  values  of  frequency  and 
Qext.  The  two  last  columns  show  measured  data  for  both 
polarizations.  We  measured  frequency  and  Qext  of  all 
dipoles  up  to  3.15  GHz  for  three  different  angular 


positions  of  the  HOM  couplers.  The  best  result,  shown  in 
Fig,  5,  was  used  for  simulation  of  the  FEL  10  kW 
upgrade  with  MATBBU  [8].  For  this,  the  standard  7-cell 
upgrade  cavities  have  been  replaced  with  the 
superstructures,  but  the  whole  optics  of  the  beam  line 
remained  unchanged.  The  result  was  very  encouraging 
(Fig.  6).  The  threshold  beam  current  (red  in  Fig.  6)  went 
up  to  103  mA  (10  mA  needed  for  this  upgrade).  The 
current  was  limited  by  the  dipole  mode  No,  7  (see  Table 
2).  Additional  HOM  couplers  would  further  improve  the 
threshold. 


Figure  3.  Accelerating  tc-O  mode.  Measured  field  profile 
on  axis. 


profile  on  axis. 


Figure  5:  An  example  of  the  measured  Qext  of  dipole 
modes.  The  (R/Q)  values  are  shown  to  illustrate  which 
mode  is  dangerous  for  the  beam  quality. 
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Figure  6:  Limitation  in  the  beam  current  as  computed  by 
MATBBU  for  measured  values  of  frequencies  and  Qext  of 
all  dipoles  up  to  3.15  GHz. 


Table  2.  Computed  and  measured  dipole  modes 


No. 

fcomputed 

[MHz] 

(R/Q) 

fmeasured 

[MHz] 

Qext 

1 

1873.96 

16.4 

1879.79 

6-10^ 

la 

1873.96 

16.4 

1882.07 

5-10^ 

2 

1933.51 

14.2 

1940.28 

6-10^ 

2a 

1933.51 

14.2 

1941.00 

4-10^ 

3 

1950.43 

2.1 

1952.48 

8-10^ 

3a 

1950.43 

2.1 

1953.07 

2-10^ 

4 

2005.28 

2.8 

2003.56 

4-10'’ 

4a 

2005.28 

2.8 

2006.33 

MO^ 

5 

2080.71 

3.3 

2085.00 

3-10'' 

5a 

2080.71 

3.3 

2086.06 

MG'* 

6 

2110.80 

7.8 

2108.83 

3-10‘' 

6a 

2110.80 

7.8 

2109.09 

I.-IO'' 

7 

2122.21 

3.5 

2114.33 

9-10'' 

7a 

2122.21 

3.5 

2114.73 

3-10'' 

8 

2201.99 

2.2 

2189.22 

1-10^ 

8a 

2201.99 

2.2 

2199.74 

2-10^ 

9 

2933.19 

9.5 

2911.38 

8-10^ 

9a 

2933.19 

9.5 

2912.17 

6-10^ 

10 

2941.47 

2.0 

2940.21 

2-10^ 

10a 

2941.47 

2.0 

2940.87 

4-10^ 

11 

3063.85 

4.1 

3065.21 

MO^ 

11a 

3063.85 

4.1 

3068.26 

7-10^ 

12 

3124.27 

3.9 

3115.54 

2-10'' 

12a 

3124.27 

3.9 

3116.51 

4-10'’ 

An  important  feature  of  a  superstructure  is  the 
possibility  to  change  the  frequency  of  a  parasitic  mode 
during  operation.  The  subunits’  frequencies  of  a  parasitic 
mode  are  usually  different  due  to  imperfections  in  the 
shape  of  cells.  This  causes  the  stored  energy  in  the 
subunits  to  be  unbalanced  (unlike  the  accelerating  mode). 
Moving  the  cold  tuner  of  one  subunit  by  an  appropriate 
amount  of  steps  in  one  direction  and  the  tuner  of  the  other 
subunit  by  the  same  amount  but  in  the  opposite  direction, 


one  can  change  the  frequencies  of  all  modes  which  have 
unbalanced  energy,  simultaneously  keeping  the  frequency 
of  the  accelerating  mode  constant. 

FINAL  REMARKS 

The  Nb  prototype  of  the  proposed  superstructure  is 
being  manufactured.  Two  spare  5-cell  CEBAF  cavities 
have  been  qualified  in  cold  tests  and  reshaping  of  end 
cells  will  be  performed  by  the  end  of  July.  We  plan  to  test 
the  prototype  by  the  end  of  this  year  to  verify 
experimentally  the  RF-properties  of  this  superstructure. 
One  of  the  major  objectives  in  this  test  will  be  to  explore 
the  tuning  and  possible  heating  of  the  HOM  couplers 
attached  to  the  interconnection  under  cw  operation.  The 
test  results  will  be  a  guide  to  improve  further  the  HOM 
suppression,  in  particular  for  accelerators  with  beam 
currents  in  the  1  A  range.  The  superstructure  and  its 
HOM  damping  characteristics  can  relatively  easily  be  re¬ 
scaled  to  a  lower  frequencies  (750  MHz  or  500  MHz)  and 
additional  damping  devices  could  be  added  if  required. 
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BEAMLINE 
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Abstract 

The  TRIUMF  cyclotron  operates  routinely  at  200  juA  ex¬ 
tracted  at  500  MeV.  Because  of  growing  demands  for  beam, 
up  to  400  ijlK  is  envisaged:  this  would  require  ~  1  mA  from 
the  H“  ion  source  and  injection  beamline.  The  phase  ac¬ 
ceptance  of  the  cyclotron  is  roughly  36®,  so  the  local  peak 
beam  current  just  before  injection  would  be  higher  than 
4  mA.  This  leads  to  large  space  charge  effects  on  the  beam 
transverse  envelope  and  longitudinal  bunching  efficiency. 

The  beam  profiles  and  the  bunching  efficiency  were  mea¬ 
sured  for  different  currents  up  to  575  jik.  These  were  used 
in  space  charge  transport  calculations  to  determine  the 
beam  optic  properties  and  the  space  charge  neutralization 
level.  Extending  the  calculations  to  higher  intensities,  it  is 
found  that  with  the  present  double  drift  double  harmonic 
bunching  system,  the  bunching  efficiency  decreases  dra¬ 
matically  above  a  dc  current  of  600  /xA.  To  enable  reaching 
the  envisaged  400  //A  from  the  cyclotron,  it  requires  either 
raising  the  cyclotron  phase  acceptance  from  the  present 
~  36°  to  50°  by  for  example  increasing  the  energy  gain 
per  turn  at  injection,  or  by  adding  another  fundamental  har¬ 
monic  buncher. 

1  INTRODUCTION 

The  TRIUMF  cyclotron  injection  beamline  [1]  is 
roughly  35  m  in  length,  and  is  entirely  electrostatic,  con¬ 
taining  approximately  80  quadrupoles.  It  has  been  running 
routinely  with  a  cw  current  of  ^  400/xA  (H")  at  300  keV, 
which  results  in  200/xA  extracted  from  the  cyclotron.  In 
the  future,  it  would  be  required  to  transport  1  mA  in  order 
to  allow  up  to  400 /I A  extracted  from  the  cyclotron.  With 
1  mA  average  beam  current,  the  bunched  beam  will  have 
a  peak  current  of  ~  10  mA.  At  such  high  peak  currents  and 
low  energy  level,  the  space  charge  effect  on  the  beam  trans¬ 
verse  size  and  longitudinal  bunching  efficiency  is  large. 

The  longitudinal  space  charge  effect  on  the  bunching  ef¬ 
ficiency  has  been  previously  discussed  [2].  Recently,  we 
performed  some  measurements  of  the  beam  transverse  size 
and  bunching  efficiency  for  various  currents  up  to  575  /zA. 
Actual  operation  of  the  beamline  and  calculations  includ¬ 
ing  the  space  charge  effect  have  demonstrated  that  the  high 
current  tune  of  the  beamline  still  works  well  for  the  lower 
currents;  the  observed  beam  spills  mainly  occur  in  the  ver¬ 
tical  section  of  the  beamline  (distance  >  900  inches  in  Figs. 

1  and  3).  Our  goal  is  to  find  a  reasonably  standard  tune 
for  currents  up  to  1  mA;  we  therefore  used  these  measured 
beam  sizes  in  space  charge  transport  calculations  to  deter¬ 
mine  the  beam  optic  properties  as  well  as  the  space  charge 
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neutralization  level.  Afterwards,  we  extended  the  calcula¬ 
tions  to  higher  intensities  to  investigate  the  bunching  effi¬ 
ciency  versus  current  with  the  present  double  drift  double 
harmonic  buncher  system. 

2  TRANSVERSE  ENVELOPE 

The  beam  widths  were  measured  with  13  scanning  wire 
profile  monitors  for  various  currents.  As  an  example,  Fig.  1 
shows  the  beam  widths  (2c7)  measured  at  dc  currents  345 
and  575  /xA.  In  the  horizontal  periodic  section,  the  beam 
width  shows  weak  dependence  on  the  beam  current.  It  was 
suspected  that  there  exists  some  space  charge  neutralization 
in  the  H”  beam  due  to  the  ionized  positively  charged  ions 
captured  by  the  beam’s  potential  well,  though  the  beamline 
is  electrostatic.  So,  an  experiment  was  made  to  investigate 
the  space  charge  neutralization  level. 


Figure  1:  The  beam  sizes  {la)  at  dc  currents  345  and 
575  /xA.  The  data  points  are  the  measurements.  The  dashed 
line  is  only  meant  to  guide  the  eye. 

The  first  4  scanning  wires  in  the  North-South  section  of 
line  (250  inches  to  500  inches  in  Fig.  1),  are  in  a  section 
of  periodic  transport.  Each  cell  is  40  inches,  and  the  phase 
advance  per  cell  was  varied  from  30°  to  90°.  The  beam 
current  used  was  686  /xA,  limited  by  the  ion  source.  The 
vacuum  pressure  was  5.0  x  10  torr  (H2).  For  each  set¬ 
ting  of  the  quads,  we  got  6  or  8  parameters  of  beam  size. 
Repeating  this  procedure  7  times,  we  obtained  46  valid  pa¬ 
rameters  in  total. 

We  used  the  computer  code  TRANSOPTR  [4]  to  calcu¬ 
late  the  beam’s  optic  properties  in  the  presence  of  space 
charge  effect.  This  code  uses  the  F-matrix  approach  [3] 
in  the  beam  transport  design  and  calculation  with  the  lin¬ 
ear  space  charge  force  included.  In  the  calculations,  the 
code  varies  7  parameters  (the  initial  beam  in  both  trans¬ 
verse  planes,  plus  the  current)  by  simulated  annealing  to 
achieve  best  match  for  the  46  values  of  beam  sizes  at  the 
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scanning  wire  locations. 

Typically,  the  beam  size  is  2cr  —  3  mm,  with  an  un¬ 
certainty  of  ±0.15  mm.  The  uncertainty  relates  mainly  to 
the  difficulty  of  exactly  determining  the  background  noise 
level.  Best  fit  for  the  effective  current  was  580  /zA,  while 
the  actual  H“  current  is  686  /xA,  so  the  neutralization  factor 
may  be  1 — 580 /686  =  15%.  The  rms  deviation  of  the  fitted 
and  measured  profile  sizes  was,  however,  0.05  mm,  i.e.  less 
than  the  measurement  uncertainty.  Fitting  with  an  effective 
current  equal  to  the  actual  current  resulted  in  an  rms  devi¬ 
ation  of  0.08  mm;  still  smaller  than  the  measurement  un¬ 
certainty.  We  conclude  that  the  results  are  consistent  with 
no  neutralization.  In  view  of  the  fact  that  the  beamline  is 
electrostatic  and  that  only  a  small  fraction  of  the  beamline 
could  have  external  fields  which  are  small  compared  with 
the  space  charge  potential  of  a  few  volts,  this  is  not  surpris¬ 
ing. 

The  KV  envelope  equation  is 


0 

0 


dra  .  el 


cPb 

ds^ 


±  kyb  ■ 


2Ksc 
a  +  6’ 

2Ksc 
CL  b 


in  Fig.  3  are  the  calculated  bunch  dimensions  along  the  in¬ 
jection  line.  Compare  with  Fig.  1. 


distance  (in) 


Figure  3:  Calculated  beam  envelope  size  (inches)  at 
800 /zA,  showing  transverse  growth  due  to  decreasing 
bunch  length.  The  red  line  represents  the  bunch  length  di¬ 
vided  by  20. 


3  BUNCfflNG  EFFICIENCY 


For  our  parameters,  Ksc  =  4  X  10-®  at  1mA,  300  keV. 
For  a  beam  size  a  =  b  =  2.5  mm  and  an  emittance 
—  ey  =  5.0  (7r)mm-mrad,  we  see  that  the  emittance 
term  and  the  space  charge  term  are  equal  at  1  mA.  For  our 
experiment,  the  beam  current  was  limited  by  the  availabil¬ 
ity  of  the  current  out  of  the  ion  source.  With  686  /zA,  we 
were  still  working  in  a  regime  where  the  beam  envelope  is 
dominated  by  the  emittance.  Hence  the  observed  beam  size 
shows  weak  current  dependence  in  the  horizontal  section  as 
shown  in  the  Fig.  1. 


Figure  2:  Fitted  beam  emittance  (2a)  vs.  current. 

In  a  separate  experiment,  profiles  were  taken  as  a  func¬ 
tion  of  beam  current.  The  resulting  fitted  emittance  is 
shown  in  Fig.  2. 

With  bunching,  the  local  space  charge  density  in  the 
beam  just  prior  to  the  injection  is  increased  by  a  factor  of  5 
to  10.  (The  phase  acceptance  of  the  cyclotron  is  roughly 
40° .)  This  causes  space  charge  to  become  increasingly 
dominant  as  the  beam  travels  along  the  injection  line,  lead¬ 
ing  to  a  growth  in  the  transverse  size  of  the  beam.  Shown 


To  quantitatively  investigate  dependence  of  the  bunch¬ 
ing  efficiency  on  the  beam  intensity,  we  used  the  computer 
code  SPUNCH  [5]  to  simulate  the  longitudinal  dynamics 
of  the  beam  with  space  charge.  This  code  also  includes  the 
effect  of  images  in  the  surrounding  vacuum  pipe.  We  as¬ 
sumed  an  upright  elliptic  acceptance  of  Sej)  —  ±18°  and 
Sp/p  =  ±0.5%,  and  an  average  pipe  radius  of  12.7mm; 
the  beam  transverse  average  radius  is  3.0  mm  according 
to  above  measurements.  As  an  example,  Fig.  4  plots  a  se¬ 
quence  of  particle  distributions  in  longitudinal  phase  space. 
The  calculated  bunching  efficiency  is  shown  as  a  function 
of  beam  current  in  Fig.  5,  where  the  machine  operational 
results  (approximately  equal  to  the  transmission  efficiency 
from  the  last  injection  line  beam  stop  to  the  extraction  plus 
another  ~6%  loss  due  to  the  electromagnetic  stripping  and 
gas  stripping)  are  plotted  as  well.  An  interesting  effect 
shown  in  this  calculation  is  that  the  bunching  efficiency  be¬ 
gins  to  drop  above  600  /zA.  For  instance,  at  600  /zA  injec¬ 
tion,  the  efficiency  is  decreased  to  55%.  This  yields  only 
'^310/zA  at  extraction,  including  a  6%  stripping  loss.  To 
enable  reaching  the  envisaged  400  /zA  from  the  cyclotron, 
one  way  is  to  add  another  fundamental  harmonic  buncher 
situated  at  2.4  m  from  the  inflector,  as  proposed  in  ref. [2]. 
In  such  a  way,  the  bunching  efficiency  is  expected  to  remain 
above  ^65%  (see  Fig.  5). 

Another  way  is  to  increase  the  phase  acceptance  of  the 
cyclotron  from  the  present  ^  36  °  to  50°  by  raising  the  en¬ 
ergy  gain  per  turn  at  injection.  This  was  already  demon¬ 
strated  by  a  late  beam  development  experiment  (see  the  di¬ 
amond  in  Fig.  5).  The  lower  dashed  line  shown  in  Fig.  5  is 
the  calculated  bunching  efficiency  using  a  50  °  phase  accep¬ 
tance.  At  800 /zA  for  example,  the  50°  phase  acceptance 
would  improve  the  efficiency  from  43%  to  56%,  resulting 
in  the  envisaged  400  /zA  at  extraction. 
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Figure  4:  Simulated  evolution  of  particle  distribution  in 
longitudinal  phase  space  at  600 /zA.  From  left  to  right  and 
up  to  down,  windows  respectively  correspond  to  the  fol** 
lowing  locations  in  Fig,3:  (1)  z=603  inch;  (2)  z=781  inch; 
(3)  z=902  inch;  (4)  z=1035  inch;  (5)  z=  1198  inch  and  (6) 
z=1430  inch.  Of  the  500  particles,  240  are  lying  inside  the 
±18°  phase  window  in  the  end. 


the  space  charge  effect  in  the  injection  beamline  at  currents 
up  to  800  /zA  is  handlable.  Calculations  indicate  that  with 
an  additional  buncher  acting  as  a  “rebuncher”,  500  ^A  is 
achievable.  Further  work  is  to  model,  in  more  details,  the 
optics  in  the  vertical  section  just  upstream  of  the  inflector 
as  more  information  about  the  beam  profile  becomes  avail¬ 
able. 
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Figure  5:  Bunching  efficiency  vs.  beam  current.  The  data 
points  are  the  machine  operational  results:  the  ’diamond’ 
was  achieved  with  ~50°  phase  acceptance  due  to  an  in¬ 
creased  rf  voltage.  The  solid  line  is  the  calculation  result 
with  36°  cyclotron  phase  acceptance.  The  lower  dashed 
line  is  the  calculation  result  for  a  50°  phase  acceptance  with 
the  present  buncher  system;  the  upper  dashed  line  is  the  cal¬ 
culated  performace  for  the  36°  phase  acceptance  but  with 
the  third  buncher  added. 


4  CONCLUSIONS 

Machine  experiments  have  indicated  that  increasing  the 
cyclotron  phase  acceptance  to  50°  from  the  present  ~  36° 
by  raising  the  energy  gain  per  turn  in  the  central  region  en¬ 
ables  ~  380  M  extracted  from  the  cyclotron,  close  to  the 
future  goal  400 /zA.  This  encouraging  result  suggests  that 
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Abstract 

The  low  intensities  of  beams  of  unstable  isotopes  make 
it  vital  to  use  them  efficiently.  Their  collection  in  a  stor¬ 
age  ring  would  open  up  a  number  of  possibilities:  higher 
beam  intensities,  enabling  better  suppression  of  back¬ 
ground  and  more  accurate  measurement  of  isotopic  and 
ionic  properties;  higher  luminosities,  by  the  use  of  beam 
cooling  and  internal  targets;  acceleration  to  higher  ener¬ 
gies;  quasi-simultaneous  operation  with  fixed-target  exper¬ 
iments;  and  colliding-  or  merging-beam  experiments  with 
protons,  electrons,  muons,  etc.  The  most  crucial  design 
aims  are  rapid  accumulation  of  the  beam  and  avoidance  of 
beam  spoilage  and  loss  through  interactions  with  strippers, 
residual  gas  and  targets.  This  has  led  us  to  study  injec¬ 
tion  by  foil  stripping  and  storage  of  the  whole  range  of 
charge  states  produced,  in  the  context  of  the  ISAC  radioac¬ 
tive  beam  facility  at  TRIUMF. 

INTRODUCTION 

In  line  with  a  recommendation  in  the  Canadian  Sub¬ 
atomic  Physics  Five  Year  Plan  (2001),  studies  have  be¬ 
gun  of  the  scientific  potential  and  technical  feasibility  of 
a  storage  ring  for  the  radioactive  ions  from  ISAC.  Such 
a  ring  (the  ESR)  has  been  successfully  built  and  used  at 
GSI  Darmstadt,  and  others  are  being  built,  proposed  or 
considered  at  IMP  Lanzhou,  RIKEN,  TU  Munich,  GSI, 
and  CERN  (ISOLDE).  Some  of  the  attractive  possibilities 
which  a  storage  ring  would  open  up  are: 

-  measurement  of  otherwise  inaccessible  interactions; 

-  cooling  of  the  beam,  significantly  improving  position, 
time  and  energy  resolution,  and  allowing  the  use  of  internal 
gas  targets  and  the  achievement  of  higher  luminosities  than 
with  solid  targets  in  the  ISAC-II  beam; 

-  acceleration  to  higher  energies; 

-  direct  measurement  of  nuclear  and  ionic  properties  (mass, 

lifetime,  magnetic  moment . ); 

-  quasi-simultaneous  operation  with  ISAC-II  experiments 
using  the  same  ions; 

-  fast  extraction  of  high-intensity  pulsed  beams  for  studying 
interactions  with  very  low  cross  sections; 

-  radioactive  muonic  atom  production  by  merger  with  a 
muon  beam; 

-  electron-ion  collisions  (with  the  help  of  an  electron  stor¬ 
age  ring). 

ISAC  beams 

The  ISAC-I RFQ  and  drift-tube  linacs  currently  acceler¬ 
ate  light  radioactive  ions  (A  <  30)  to  1.5  MeV/u.  ISAC- 
II,  now  under  construction,  will  add  a  charee-state  booster 


and  further  accelerating  cavities,  extending  the  mass  range 
to  A  <  150)  and  raising  the  maximum  energy/nucleon 
E/AloS  MeV/u  for  the  heaviest  ions  and  20  MeV/u  for 
the  lightest.  The  superconducting  cavities  downstream  of 
the  second  stripper  S2  are  capable  of  accelerating  several 
neighbouring  charge  states  in  a  good  quality  beam[l].  For 
^^^Sn,  for  instance,  five  states  q  =  29-33,  comprising  80% 
of  the  beam,  can  be  transmitted  within  a  transverse  emit- 
tance  of  I.Stt  mmmrad  and  a  longitudinal  emittance  of 
9.67r  keV-ns.  Figure  1  shows  the  expected  dependence  on 
atomic  number  Z  of  various  properties  of  the  beam  leaving 
ISAC-II,  including  A/q  (where  q  is  the  average  charge), 
and  Tie  —  Z  —  q,  the  average  number  of  electrons  remain¬ 
ing. 


Figure  1:  ISAC-II  beam  properties  versus  atomic  number 
Z,  before  (S2)  and  after  (S3)  stripping  at  final  energy  E/A. 


Possible  ring  scenarios 

Three  general  scenarios  might  be  considered,  in  order  of 
increasing  complexity  and  cost: 

Mini:  An  accumulator  ring,  with  no  provision  for  cool¬ 
ing  or  further  acceleration  (similar  in  purpose  to  the  5 
MeV/u  “Recycler”  proposed  for  the  Munich  Accelerator 
for  Fission  Fragments  at  the  high-flux  reactor  FRM-II). 

Midi:  A  storage  ring  with  cooling  and  modest  accelera¬ 
tion  -  say  to  four  times  greater  energies  -  35  MeV/u  for  the 
heaviest  ions  and  80  MeV/u  for  the  lightest. 

Maxi:  A  cooler  storage  ring  capable  of  handling  (say) 
100  MeV/u  beams  delivered  by  a  further  ISAC  accelerator 
(linac  or  cyclotron). 
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Stable  versus  radioactive  ions 

An  example  of  a  storage  ring  for  stable  ions  in  a  sim¬ 
ilar  energy  range  is  the  TSR  at  MPI  Heidelberg,  which 
has  a  bending  power  of  1.5  T-m  and  diameter  ~15  m; 
ions  have  been  successfully  stored  over  a  wide  mass  range, 
those  that  are  highly  stripped  exhibiting  lifetimes  of  many 
minutes[2].  With  a  charge  (or  momentum)  acceptance  of 
±4%  it  has  also  demonstrated  that  multiple  charge  states 
can  be  stored  if  the  dispersion  is  kept  low  and  the  apertures 
are  sufficiently  large.  Injection  into  the  TSR  proceeds  by 
conventional  mulititum  betatron  and  momentum  stacking  - 
a  relatively  complicated  process  in  which  batches  of  tens  of 
turns  are  successively  injected  and  cooled.  The  latter  pro¬ 
cess  takes  almost  a  second  but  nevertheless  tens  of  thou¬ 
sands  of  turns  can  be  accumulated  over  about  10  minutes. 
The  use  of  momentum  stacking  requires  finite  dispersion 
at  the  injection  point  and  so  is  only  compatible  with  the 
injection  of  single  charge  states. 

For  radioactive  ions  the  time  spent  in  accumulation  is 
crucial,  as  is  the  collection  of  maximum  beam  intensity. 
Focusing  on  the  problems  peculiar  to  storing  unstable  ions, 
we  have  studied  the  feasibility  of  injecting  by  stripping,  and 
of  storing  the  whole  range  of  charge  states  produced. 

Injection  by  stripping 

Advantages:  Injecting  by  stripping  in  a  foil  S3  would; 

-  be  simpler  and  quicker,  enabling  collection  of  as  many 
turns  in  a  single  batch  as  can  be  obtained  by  stacking  many 
batches  with  intermediate  cooling  delays; 

-  increase  the  average  ionic  charge  g,  reducing  the  bending 
power  Bp  and  diameter  D  required  for  the  storage  ring; 

-  reduce  the  fractional  width  of  the  charge-state  distribu¬ 
tion  (CSD),  enabling  a  greater  fraction  of  the  beam  to  be 
contained; 

-  make  possible  capture  of  the  multiple  charge  states  which 
ISAC-II  is  capable  of  accelerating  simultaneously. 

The  significant  reductions  that  can  be  effected  in  both  rig 
and  A/qhy  stripping  the  beam  leaving  ISAC-II  are  shown 
in  Fig.  1 .  Also  shovra  (as  a  percentage  measure  of  the  CSD 
width)  is  the  parameter  A  =  (5+  -  qJ)/2q,  where  q+ 
and  q-  are  the  charge  states  enclosing  >99%  of  the  CSD. 
These  parameters  have  been  calculated  following  the  pre¬ 
scriptions  of  Shima  et  a/[3].  Apparently  an  acceptance  of 
±9%  would  be  sufficient  to  contain  99%  of  the  beam. 

Hazards:  The  basic  drawback  to  injection  by  stripping 
is  that  the  stored  beam  may  make  further  passes  through 
the  foil,  leading  to  loss  of  beam  quality  and  possibly  of  the 
ions  themselves.  The  major  factors  to  consider  are  multi¬ 
ple  scattering,  energy  straggling,  energy  loss  and  electron 
transfer.  The  estimates  below  assume  a  260  ^g/cm^  carbon 
foil,  sufficiently  thick  to  give  an  equilibrium  CSD. _ 

Multiple  scattering,  which  varies  as  Za/H-  (Z/6)2/3, 
is  most  serious  for  heavier  ions.  For  Z  =  65,  though, 
Meyer’s  formula[4]  predicts  an  rms  angle  of  only  1.3  mrad, 
one-third  of  the  maximum  acceptable  divergence  (see  be¬ 
low),  so  losses  should  be  <1%. 


Energy  straggling  is  also  relatively  unimportant.  Data 
from  GANIL[5]  indicate  a  HWHM  value  around  10  keV/u, 
with  very  low  Z-dependence.  The  energy  loss,  however, 
is  important.  Although  the  amounts,  20  keV/u,  150  keV/u 
and  340  keV/u  for  Z  =  6,  36  and  65  respectively,  corre¬ 
spond  to  only  0.06%,  0.6%  and  2.0%  momentum  offsets, 
well  within  the  momentum  acceptance,  it  will  probably  be 
impossible  to  provide  an  rf  bucket  large  enough  to  contain 
the  decelerated  heavy  ions.  Assuming  use  of  IS  AC  super¬ 
conducting  cavities  at  141  MHz,  the  minimum  voltages  re¬ 
quired  would  be  9  kV,  1.2  MV  and  13  MV  respectively, 
while  the  space  available  would  permit  only  about  5  MV, 

Electron  transfer  is  an  even  more  serious  threat:  on  each 
passage  the  CSD  will  re-equilibrate  and  the  empty  charge 
states  outside  the  ring’s  acceptance  will  be  repopulated. 
Thus  if  a  certain  fraction  of  the  CSD  lies  outside  the  charge 
acceptance,  that  same  fraction  will  be  lost  on  each  pass 
through  the  foil.  It  is  clearly  vital  to  maximize  the  charge 
acceptance  and  minimize  the  number  of  foil  interceptions. 
The  latter  can  be  significantly  reduced  by  painting  the  in¬ 
coming  beam  over  the  acceptance,  as  discussed  below. 

Painting 

If  the  ring’s  acceptance  A  >  e,  the  incoming  beam  emit- 
tance,  and  the  equilibrium  orbit  is  gradually  moved  away 
from  the  stripping  foil,  stored  ions  will  only  intercept  the 
foil  for  a  short  period.  Imagining  the  acceptance  to  be  com¬ 
posed  of  concentric  annuli «  =  1, 2, ...,  I  each  as  wide  as 
the  beam  spot,  the  fraction  of  interceptions  as  each  is  filled 
is  given[6]  by  a  geometrical  factor  Fi  (Fig.  2). 


Annulus  number  /,/ 

Figure  2:  Fraction  of  foil  traversals  versus  number  of  an¬ 
nuli. 

The  figure  also  shows  how  the  average  fraction  over  the 
whole  acceptance  depends  on  the  time  spent  on  each  an¬ 
nulus  -  Ft  for  equal  times,  Fp  for  equal  passes  through  the 
foil,  and  for  uniform  phase  space  density.  In  the  lat¬ 
ter  case,  J  =  16  reduces  the  average  foil  traversals  to  1  in 
every  20  turns.  If  this  is  done  in  both  planes,  the  average 
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drops  to  1  in  400  turns.  Assuming  the  incoming  beam  can 
be  focused  to  half  its  natural  width,  /  =  16  implies  a  ring 
acceptance  of  16^  x  I.Stt  =  3847r  mmmrad. 

High  charge  acceptance 

The  ability  to  store  a  wide  range  of  charge  states  would: 

-  enable  almost  the  entire  beam  leaving  the  stripping  foil  to 
be  captured  rather  than  just  the  most  populous  charge-state; 

-  strongly  reduce  the  beam  loss  due  to  leakage  into  the  tails 
of  the  CSD  by  charge-exchange  (as  discussed  above). 

It  would  also  strongly  affect  the  ring  design: 

-  high  charge/momentum  acceptance  requires  a  low  disper¬ 
sion  lattice,  large  aperture  magnets,  and  careful  control  of 
higher-order  effects; 

-  storage  of  multiple  charge  states  requires  zero  dispersion 
at  the  stripping  foil,  ruling  out  momentum  painting. 

RING  PARAMETERS  AND  LATTICE 

The  following  table  shows  approximate  values  for  the 
major  ring  parameters  for  each  of  the  scenarios  mentioned 
above,  with  the  TSR  for  comparison.  Injection  by  strip¬ 
ping,  which  reduces  the  A/q  for  heavier  ions  from  5  to  3, 
clearly  has  a  major  impact  on  the  bending  power  Bp  re¬ 
quired,  and  hence  on  the  ring  diameter. 


Table:  Storage  Ring  Parameters 


Ring 

Stripping 

Injn. 

Z 

A/q 

Energy 

(MeV/u) 

Bp 

(T-m) 

TSR 

No 

2 

30 

1.5 

Mini 

No 

6 

2 

20 

1.3 

No 

65 

5 

8 

2.0 

Yes 

6 

2 

20 

1.3 

Yes 

65 

3 

8 

1.2 

Midi 

No 

6 

2 

80 

2.6 

No 

65 

5 

35 

4.2 

Yes 

6 

2 

80 

2.6 

Yes 

65 

3 

35 

2.6 

Maxi 

2 

100 

2.9 

Lattice  design 

Initial  lattice  studies  have  focused  on  the  Midi  ring, 
which  is  conceived  as  being  four-sided,  with  the  long 
straights  assigned  to  injection,  cooling,  acceleration  and 
experiment.  As  all  these  functions  require  zero  disper¬ 
sion,  a  natural  choice  for  the  arcs  has  been  a  double¬ 
bend  achromat  (DBA).  The  lattice  chosen,  of  the  form 
OFDOBOFOBODFO  (Fig.3),  restricts  the  dispersion  to  a  nar¬ 
row  region  with  a  low  peak  value  of  1.24  m  and  also  low 
Px  -  crucial  features  for  realizing  a  high  charge  acceptance. 
The  circumference  is  57.8  m,  the  tunes  l,51(x)  and  1.84(2/), 
and  the  transition  energy  7.08.  Initial  tracking  studies  have 
shown  good  behaviour  for  charge  or  momentum  excursions 
up  to  ±4%.  These  studies  will  be  extended  to  include  fam¬ 
ilies  of  sextupoles  and  octapoles  to  see  how  wide  an  accep¬ 
tance  can  be  achieved. 


One  cell. 


Figure  3:  Twiss  functions  for  the  lattice  under  study. 

For  a  beam  filling  the  acceptance  A  =  3847r  mmmrad 
specified  above,  the  x  envelope  has  maxima  of  10.0  cm  in 
the  end  F  quadrupoles,  while  the  y  envelope  has  maxima 
of  8.8  cm  in  their  D  partners.  At  the  injection  point  the 
maximum  divergence  is  3.8  mrad  in  x  and  10  mrad  in  y. 
At  the  dispersion  maximum  each  charge-state  beamlet  has 
a  width  of  2.4  cm,  while  a  full  ±9%  CSD  will  spread  across 
±11.2  cm.  Magnet  apertures  consistent  with  such  beams 
will  be  required. 

CONCLUSIONS 

We  have  attempted  to  show  that  foil  stripping  can  not 
only  provide  the  rapid  injection  process  essential  for  ra¬ 
dioactive  ions,  but  that  ion  losses  can  be  kept  to  the  A  =  1% 
level  for  each  traversal  if  the  ring  has  a  high  enough  charge 
acceptance,  and  if  Z  is  not  so  high  that  the  energy  loss 
is  unacceptable.  Painting  the  beam  in  the  x  and  y  planes 
can  reduce  the  average  foil  traversal  rate  per  turn  FxFy  to 
1/400.  If  charge  Q  is  injected  on  each  turn,  then  the  stored 
charge  will  exponentially  approach  QIXFxFy  =  40,  OOOQ, 
though  a  more  practical  aim  would  be  to  stop  after  40,000 
turns  (:^40  ms)  with  c:^25fi00Q.  Even  if  the  loss  rate  were 
10  times  higher,  2,500Q  would  be  a  sizeable  improvement 
over  present  beam  intensities. 
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Abstract 

A  new  series  of  experiments  (mainly  astrophysics)  be¬ 
gan  at  TRIUMF  in  July  2001  when  the  ISAC-I  linear  ac¬ 
celerator  began  delivering  up  to  L5  MeV/u  radioactive  ion 
beams  (RIB)  to  users.  A  superconducting  linear  accelerator 
extending  the  RIB  energy  to  6.5  MeV/u  has  recently  been 
approved  and  is  now  being  constructed  (ISAC-II).  Record 
RIB  intensities  are  being  achieved  from  different  target 
ion  sources  with  a  primary  incident  proton  beam  of  500 
MeV,  up  to  50  /xA  intensity.  This  will  later  be  increased  to 
100  /xA,  compatibly  with  target  acceptance.  Furthermore, 
an  additional  100  /xA  extracted  proton  beam  is  being  con¬ 
sidered  for  simultaneous  (RIB)  production  from  a  second 
target-ion  source  system.  This  would  significantly  enhance 
the  research  potential  of  the  laboratory.  Four  simultane¬ 
ous  high-intensity  extracted  beams  would  therefore  be  re¬ 
quired  for  a  total  maximum  cyclotron  accelerated  current 
of  about  400  /xA.  Recently  we  have  been  able  to  deliver 
300  /xA  to  the  existing  three  high  intensity  beam  lines  at 
90%  duty  cycle.  The  cw  delivery  of  beam  was  limited  only 
by  the  presently  available  external  beam  dump  capacity.  In 
this  paper  we  will  review  the  present  operation^  experi¬ 
ence  at  200/250  /xA,  the  future  plans  for  intensity  upgrade 
to  350/400  /xA,  and  the  intrinsic  factors  limiting  the  total 
accelerated  intensity  beyond  400  /xA. 

INTRODUCTION 

ISAC  is  an  ISOL  radioactive  ion  beam  facility  driven 
by  a  500  MeV  proton  beam  from  one  of  the  TRIUMF  cy¬ 
clotron’s  external  beam  lines[l].  A  layout  of  the  existing 
ISAC-I  and  the  planned  ISAC-II  accelerator  is  shown  in 
Fig-  1  [2,  3]. 

ISAC-I  has  been  operating  since  2001  and  consists 
of  a  primary  beam  line  (BL2A)  capable  of  delivering 
up  to  100  /xA  of  protons  to  a  target-ion-source  mass- 
separator/LEBT  system  supplying  radioactive  beam  to  ei¬ 
ther  a  low-energy  experimental  area  or  to  a  room  temper¬ 
ature  linac  consisting  of  an  RFQ,  a  stripper,  and  a  DTL  in 
which  ions  with  A  <  30  are  accelerated  up  to  1.5  MeV/u. 

ISAC-II,  which  is  now  under  construction,  will  acceler¬ 
ate  ions  with  A  <  150  to  at  least  6.5  MeV/u  by  2009[2].  An 
ECR  charge  state-booster  will  produce  higher  charge-state 
ions  with  chaige  to  mass  ratios  of  A/q<30  for  acceleration 
in  the  existing  ISAC-I  RFQ.  A  new  room  temperature  IH- 

*  TRIUMF  receives  funding  via  a  contribution  agreement  through  the 
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Figure  1:  ISAC  layout 


DTL  will  accelerate  the  ions  from  the  RFQ  to  400  keV/u 
where  they  will  be  stripped  and  then  injected  into  a  heavy 
ion  superconducting  linac  [4].  In  2005  the  20  medium  /?  su¬ 
perconducting  cavities  will  begin  operating  on  line,  A  new 
beam  line  will  also  connect  the  exit  of  the  ISAC-I  DTL  to 
the  entrance  of  the  medium  jS  cavities  so  that  the  1 .5  Me  V/u 
beam  from  ISAC-I  can  be  accelerated  up  to  4.3  MeV/u,  per¬ 
mitting  higher-energy  experiments  to  begin.  In  2007  the 
high  p  cavities  will  be  installed,  increasing  the  available 
energy  to  at  least  6.5  MeV/u.  ISAC-II  will  be  completed 
when  the  IH-DTL  and  the  low  /3  cavities  are  added  to  im¬ 
prove  the  stripping  efficiency  and  to  extend  the  mass  range 
toA=150. 

It  is  proposed  that  a  new  100  /xA  extraction  line  (BL4N) 
and  target  station  dedicated  to  target/RIB  development  be 
included  in  TRIUMF’s  next  five  year  plan.  This  facility 
could  eventually  be  reconfigured  and  used  as  an  additional 
radioactive  ion  source  for  ISAC,  allowing  at  least  two  ex¬ 
periments  to  run  simultaneously  using  the  proton  beams 
from  the  TRIUMF  cyclotron[3] . 

As  shown  in  Table  1,  using  a  surface  ion  source  ISAC- 
I  has  already  produced  record  intensity  radioactive  beams 
downstream  of  the  mass  separator.  So  far,  the  primary  500 
MeV  proton  beam  intensity  has  been  limited  to  50  /xA.  This 
will  eventually  increase  to  100  yixA[5].  An  ECR  source  is 
now  being  commissioned  in  the  recently  completed  east 
target  station[5],  and  a  laser  ion  source  is  being  developed. 

When  all  of  TRIUMF’s  existing  extraction  lines  are  op¬ 
erating  simultaneously  at  their  maximum  currents  (BLIA 
at  150  /xA  for  pion/muon  production,  BL2A  at  100  /xA  for 
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Table  1:  Radioactive  Ion  Yields 


Ion 

Target 

Ip(/xA) 

YieId(P/s) 

«Li 

Ta 

40 

8.3  X  10** 

®Li 

Ta 

35 

9.4  X  10'^ 

^^Li 

Ta 

30 

1.2  X  10^ 

2°Na 

SiC 

45 

2.6  X  10® 

2iNa 

SiC 

45 

9.9  X  10® 

37k 

TiC 

40 

6.4  X  lO’’ 

38gK 

TiC 

40 

1.8  X  10^° 

i 

TiC 

40 

7.4  X  10'^ 

’’■‘Rb 

Nb 

30 

1.3  X  lO'* 

"4Ga 

ZrC 

45 

2.2  X  10® 

^^Ga 

Ta 

40 

1.0  X  10® 

94  Y 

Ta 

11 

6.0  X  10'* 

ISAC,  BL2C4  at  50  /iA  for  isotope  production),  300  fiA 
will  be  required  from  the  cyclotron.  With  the  100  fiA 
BL4N  operating,  400  fxA  will  be  needed.  Because  this  to¬ 
tal  current  exceeds  those  so  far  delivered,  a  high  current 
development  program  was  begun. 

fflGH  CURRENT  DEVELOPMENT 

Over  the  last  15-20  years  TRIUMF  has  been  responding 
to  user  demands  by  simultaneously  extracting  a  total  cur¬ 
rent  of  up  to  «220  fiA  down  three  or  four  external  beam 
lines.  Approximately  5,000  hours  of  beam  time  is  sched¬ 
uled  each  year,  and  t)q>ically  90%  of  this  is  successfully 
delivered.  Recently  a  record  total  annual  extracted  beam 
charge  of  over  700  mAh  was  achieved.  Our  goal  is  to  ob¬ 
tain  350-400  fiA  simultaneously  extracted  down  the  four 
beam  lines  shown  in  Fig.  2. 


Figure  2:  Layout  of  the  TRIUMF  cyclotron. 


The  beam  injected  into  the  cyclotron  from  the  ion- 
source-injection  system  (ISIS)  is  normally  bunched  so  that 
slightly  over  70%  of  it  is  within  the  phase  acceptance  of 
the  cyclotron.  The  remaining  30%  is  lost  either  radially  or 
vertically  in  the  centre  region.  Radial  losses  occur  when 
ions  that  gain  too  little  energy  crossing  the  injection  gap 
spiral  into  the  vertical  resonator  walls  surrounding  the  cen¬ 
tre  post.  Vertical  losses  may  occur  over  the  first  few  turns 


when  ions  that  cross  the  dee  gaps  when  the  rf  phase  is  neg¬ 
ative  get  defocused  and  hit  beam  scrapers  attached  to  the 
dees.  Space  charge  defocussing  increases  this  vertical  loss. 

A  portion  of  the  radially  lost  beam  was  being  deposited 
on  poorly  conducting  stainless  steel  ribs  used  to  reinforce 
the  vertical  resonator  walls,  producing  temperature  trips  at 
currents  higher  than  ^220  fxA. 

In  addition  to  the  heating  problem,  by  the  end  of  2001  it 
had  been  discovered  while  running  pulsed  beams  that  the 
cyclotron  transmission  dropped  from  over  60%  with  equiv¬ 
alent  currents  of 220  /xA  or  less  to  approximately  50%  with 
equivalent  currents  of  300  /xA  due  to  increased  beam  losses 
in  the  centre  region. 

Several  improvements  were  made  during  the  first  half  of 

2002. 

1.  The  correction  plates  shown  in  Fig.  3,  used  for  verti¬ 
cal  steering  on  the  first  few  turns,  were  repaired  and 
realigned  after  they  were  found  to  be  beam  damaged 
and  misaligned. 

2.  As  shown  in  Fig.  4,  a  water-cooled  beam  stopper  was 
installed  in  the  first  quarter  turn  of  the  cyclotron  to 
intercept  that  portion  of  the  beam  that  previously  was 
being  lost  radially. 

3.  The  back  edge  of  an  r.f.  contact  was  found  to  be  pro¬ 
truding  into  the  beam  gap  and  was  trimmed  back. 

4.  Improved  ISIS  tunes  were  developed.  Running  the 
H”  cusp  source  at  lower  arc  currents  with  higher  gas 
flows  seemed  to  improve  the  transmission  through  the 
cyclotron. 


Figure  3:  Centre  region  correction  plates  showing  beam 
damage. 


In  July  2002  a  new  high-current  record  was  established 
for  TRIUMF  when  275  ^A  was  accelerated  at  full  duty  cy¬ 
cle  for  3  hours.  As  shown  in  Fig.  5  the  stability  of  the  ex¬ 
tracted  beam  was  acceptable  (the  four  short  beam-off  peri¬ 
ods  were  due  to  rf  sparking  and  to  external  beam  line  prob¬ 
lems).  Extraction  of  average  currents  greater  than  275  /xA 
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Figure  4:  Centre  region  beam  stopper. 


was  impossible  because  of  external  beam  dump  limitations, 
however  we  were  able  to  extract  300  /xA  equivalent  current 
at  90%  duty  cycle  for  two  hours  without  encountering  any 
problems.  Cyclotron  transmission  was  better  than  60%  in 
both  cases  while  ISIS  transmission  was  f^90%.  No  temper¬ 
ature  trips  occurred  during  any  of  these  runs.  Just  before 
the  end  of  the  development  shift,  350  /xA  equivalent  was 
accelerated  at  40%  duty  cycle  with  57%  cyclotron  trans¬ 
mission  for  half  an  hour. 


Figure  5:  275  fxA  extracted  current  versus  time. 


During  subsequent  development  shifts  we  found  that  al¬ 
though  the  300  fxA  results  were  easily  reproduceable,  it  was 
difficult  to  increase  the  current  much  above  300  /zA.  Near 
the  end  of  2002  analysis  of  the  rf  power  input  to  the  dees 
and  of  the  time-of-flight  between  injection  and  extraction 
indicated  that  the  calibration  of  the  rf  voltage  probes  had 
been  changing,  and  the  actual  rf  voltage  was  ?«10%  lower 
than  indicated  on  the  control  console,  thus  limiting  the  cy¬ 
clotron’s  phase  acceptance.  In  December  the  rf  voltage 
was  increased,  and  equivalent  currents  of  350  and  380  fxA 
were  extracted  at  10%  duty  cycle  with  over  60%  transmis¬ 
sion.  Time  limitations  prevented  us  from  trying  to  decrease 
the  spills  and  raise  the  duty  cycle  or  from  trying  to  obtain 
400  jxA  equivalent  current.  This  work  will  resume  in  spring 
2003  when  high  current  operation  resumes  after  the  win¬ 


ter  shut  down  (400  fxA  equivalent  current  was  previously 
achieved  with  a  lower  transmission  using  a  different  ion 
source  in  1988 [6]), 

Several  improvements  to  facilitate  high  current  develop¬ 
ment  are  being  implemented  or  planned. 

1.  Adjustable  emittance-limiting  slits  are  being  installed 
in  ISIS  to  control  the  emittance  of  the  injected  beam. 

2.  Improved  beam  diagnostic  devices  are  required  in 
ISIS.  An  emittance  measuring  rig  as  well  as  addi¬ 
tional  wire  scanners  in  the  vertical  section  of  ISIS  are 
needed. 

3.  The  ion  source  extraction  voltage  will  be  raised  from 
12  kV  to  25  kV,  and  the  source’s  extraction  optics 
will  to  be  redesigned  so  that  higher  currents  can  be 
extracted  at  lower  arc  currents. 

4.  The  aging  lower  vertical  section  of  ISIS  needs  replac¬ 
ing  to  enhance  reliability.  In  addition,  a  third  buncher 
may  be  installed  in  this  section  to  improve  bunching 
efficiency  at  higher  currents[8], 

5.  For  400  fxA  tests  and  operations  a  new  200  fxA 
beam  dump  is  required  to  operate  in  parallel  with  the 
200  fxA  acceptance  of  BLl  A.  It’s  proposed  that  this  be 
installed  on  BL4N  in  the  vicinity  of  the  ISAC  targets. 

These  projects  are  proposed  for  the  next  five  year  plan. 

The  high-current  capability  of  TRIUMF  is  ultimately 
limited  by  space  charge  and  by  the  spills  produced  by  elec¬ 
tromagnetic  stripping  of  the  H”  beam  at  higher  energies. 
TRIUMF’s  space  charge  limit  has  been  estimated  to  be 
«  500  fxA  with  100  kV  of  dee  voltage,  which  comfortably 
exceeds  our  400  fxA  goal.  Stripping  losses  have  been  re¬ 
duced  by  installing  an  auxiliary  rf  booster  cavity  to  increase 
the  energy  gain  per  turn  above  450  MeV  where  most  of  the 
stripping  loss  occurs[7].  This  allows  us  to  increase  the  500 
MeV  extracted  beam  from  170  to  250  fxA.  The  rest  of  the 
beam  would  have  to  be  extracted  at  450  MeV  or  below. 
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Abstract 

The  Fermilab  particle  physics  program  has  recently 
expanded  to  include  the  MiniBooNE  experiment  in 
addition  to  the  Runll  program.  As  a  result,  the  effective 
and  reliable  performance  of  the  Fermilab  Booster  has 
become  crucial  to  the  lab.  The  Booster  is  an  8  GeV 
proton  synchrotron  and  is  a  key  element  of  the  Fermilab 
accelerator  chain.  It  must  meet  increasing  demands  for 
proton  intensity  and  high  repetition  rates.  One  important 
requirement  placed  on  the  machine  is  low  radiation  levels. 
These  levels  are  highly  correlated  with  losses  in  the 
machine,  and  can  limit  Booster  production.  We  will 
describe  how  a  system  of  ramped  dipole  corrector 
magnets  are  being  used  to  maintain  orbital  position 
throughout  the  acceleration  cycle  in  order  to  minimize 
beam  losses,  maximize  proton  intensity,  and  maintain  the 
required  repetition  rate. 

INTRODUCTION 

Recently  the  physics  program  at  Fermilab  has  grown  to 
include  a  thriving  group  of  accelerator  based  neutrino 
physics  experiments.  This  is  in  addition  to  continued 
Runll  operation  of  the  Tevatron  as  the  highest  energy 
proton-antiproton  colliding  beam  accelerator  in  the  world. 
The  neutrino  program  at  Fermilab  includes  MiniBooNE 
[1],  which  began  taking  accelerator  based  neutrino  data  in 
late  summer  of  2002,  and  NuMI/MINOS  [2],  which  is 
scheduled  to  come  on  line  in  2005.  Both  of  these 
experiments  depend  on  massive  amounts  of  protons  from 
the  Fermilab  accelerator  chain.  In  particular,  MiniBooNE 
generates  a  neutrino  beam  that  originates  as  an  8  GeV 
proton  beam  from  the  Fermilab  Booster.  The  MiniBooNE 
baseline  requirement  is  5E20  p.o.t.  (protons  on  target)  per 
year;  however,  the  Booster  can  currently  deliver  ~2E20 
protons/year.  This  gives  MiniBooNE  only  40%  of  its 
baseline,  although  it  receives  roughly  12  times  more 
protons  than  those  used  for  Runll  operations.  Clearly,  the 
demand  on  proton  production  from  the  Booster  is 
significantly  higher  than  it  has  been  in  the  past,  and  it  will 
continue  to  rise  when  NuMI/MINOS  begins  to  take  beam. 
By  the  year  2006,  the  Booster  may  be  required  to  deliver 
5  times  what  it  produces  now. 

THE  FERMILAB  BOOSTER 

The  Fermilab  Booster  [3]  was  originally  built  to  provide 
protons  to  the  Main  Ring,  and  it  first  took  beam  in  1970. 
The  Booster  accepts  the  400  MeV  proton  beam  from  the 
Fermilab  Linac,  accelerates  it  to  8  GeV,  and  sends  it  to 
MiniBooNE,  the  Main  Injector  for  Runll,  or  the  Radiation 
Damage  Facility.  The  Booster  is  472  m  in  circumference 
with  a  24-fold  periodic  lattice.  Each  period  has  a  6  meter 


long  straight  and  a  1.2  meter  short  straight  drift  section, 
and  4  combined  function  magnets,  two  horizontally 
focusing  (F  magnet)  and  two  horizontally  defocusing  (D 
magnet)  [4]  (see  Fig.l).  These  magnets  cycle  in  a  15  Hz 
resonant  circuit. 
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Figure  1:  A  Booster  lattice  cell  [4],  consisting  of  a 
focusing  magnet,  defocusing  magnet,  long  drift, 
defocusing  magnet,  focusing  magnet,  and  a  short  drift 
(FDOODFO). 

In  spite  of  its  age,  the  Booster  has  been  very  reliable, 
maintaining  an  average  uptime  of  over  90%.  However, 
the  machine  is  being  pushed  to  run  at  record  intensities 
and  repetition  rate.  At  present,  the  Booster  can  stably 
accelerate  a  maximum  of  5E12  protons/pulse,  and  before 
the  MiniBooNE  era  it  typically  ran  at  a  repetition  rate  of 
~2  Hz.  In  order  to  meet  the  new  demand  for  protons,  the 
current  goal  is  to  run  steadily  at  5E12  protons/pulse  at  a 
repetition  rate  of  7.5  Hz  (5  Hz  for  MiniBooNE). 

High  Intensity  Running 

There  are  many  challenges  involved  in  running  the 
Booster  at  high  intensity,  including  beam  loss  and 
radiation  damage  issues.  Damage  or  activation  of 
accelerator  components  in  the  tunnel  is  a  serious  concern. 
Damage  to  accelerator  elements  could  increase  failure 
rates,  and  activation  makes  it  difficult  to  maintain 
machine  components. 

Activation  in  BoostarTunnal  (6  hour  cooldown) 
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Figure  2:  Booster  tunnel  radiation  levels  from  radiation 
surveys  performed  in  August  2002  and  December  2002. 
Activation  levels  were  significantly  higher  in  December 
after  MiniBooNE  began  routinely  taking  beam. 

In  December  2002,  a  radiation  survey  was  done  of  the 
Booster  tunnel  (see  Fig.  2).  It  became  clear  from  the 
survey  data  that  activation  of  tunnel  components  had 
significantly  increased  since  the  tum-on  of  MiniBooNE. 
Additionally,  the  personnel  recording  the  data  received  a 
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20  mR  radiation  dose,  and  two  technicians  completing  a 
minor  high  voltage  cable  repair  in  the  tunnel  received  a  30 
mR  dose.  After  the  survey,  some  of  the  beam  loss  limits 
in  the  Booster  were  lowered  to  reduce  component 
activation  in  sensitive  locations.  Furthermore,  reducing 
beam  losses  became  a  high  priority  in  order  to  facilitate 
high  intensity  running  of  the  Booster. 

BOOSTER  ORBIT  CORRECTION 

The  orbit  correction  project  was  designed  to  reduce 
beam  losses  in  the  Booster  by  controlling  the  beam  orbit 
throughout  the  33  msec  acceleration  cycle.  This  project 
makes  use  of  the  ramped  dipole  correctors,  the  BPM 
(Beam  Position  Monitor)  system,  and  the  extensive  array 
of  BLMs  (Beam  Loss  Monitors)  in  the  Booster. 

Dipole  Correctors 

Orbit  correction  is  accomplished  using  the  ramped 
dipole  corrector  magnets  in  the  Booster.  There  are  2  such 
correctors  in  each  lattice  period,  one  horizontal  and  one 
vertical,  for  a  total  of  48.  Each  is  located  in  its  respective 
high  beta  region,  with  the  vertical  correctors  in  the  long 
straight  sections  and  the  horizontal  correctors  in  the  short 
straights  (see  Fig.  3).  We  currently  manipulate  the  orbit 
only  in  the  vertical  plane.  It  is  possible  to  consider  orbit 
correction  in  the  horizontal  plane,  but  there  are 
complications  involved  in  doing  so.  The  Booster  RF 
(Radio  Frequency)  system  uses  feedback  from  the 
horizontal  beam  position  to  determine  the  RF  phase  used 
for  acceleration.  Any  external  change  to  the  horizontal 
beam  position  would  need  to  accommodate  this  system  in 
order  to  keep  the  machine  functioning  properly. 

Originally,  the  correctors  were  run  DC  and  were 
designed  to  introduce  a  separation  of  1.4  cm  at  10  meters 
(about  half  of  a  period)  at  the  Booster  injection  energy  of 
400  MeV  [4].  This  meant  that  their  impact  on  the  orbit 
was  reduced  as  the  acceleration  cycle  progressed. 
Dramatic  changes  in  the  orbit  position  throughout  the 
cycle  were  not  uncommon.  Recently,  the  ability  to  ramp 
the  magnets  was  implemented.  This  enables  us  to  affect 
the  orbit  throughout  the  entire  Booster  acceleration  cycle. 

Beam  Position  Monitors  (BP Ms) 

The  Booster  BPMs  are  also  crucial  to  the  orbit 
correction  program,  since  they  are  used  to  measure  the 
beam  orbit  position  throughout  the  cycle.  As  with  the 
dipole  correctors,  there  are  48  BPMs  in  the  Booster, 
located  in  each  long  and  short  straight  section.  These 
stripline  devices  measure  beam  position  in  both  the 
horizontal  and  vertical  planes  with  sub  millimeter 
precision.  They  are  also  capable  of  measuring  beam 
intensity. 

Beam  Loss  Monitors  (BLMs) 

There  is  an  extensive  array  of  BLMs  in  the  Booster. 
They  are  located  in  each  long  and  short  straight  section, 
with  additional  individual  loss  monitors  at  key  positions 
around  the  ring  for  a  total  of  60.  These  ionization  loss 
monitors  are  in  the  orbit  correction  project  as  a  diagnostic. 


Beam  losses  with  and  without  the  orbit  corrections  are 
compared  in  order  to  tmderstand  how  well  the  correction 
is  working. 


Figure  3:  Booster  lattice  showing  the  correspondence 
between  focusing  and  defocusing  magnets  and  the 
horizontal  and  vertical  beta  functions.  The  vertical  high 
P  region  is  in  the  long  straight  section,  while  the 
horizontal  high  p  region  is  in  the  short  straight  section  [4]. 

Orbit  Correction  Procedure 

The  orbit  correction  proceeds  in  several  steps.  First,  the 
desired  orbit  is  read  either  from  a  file  or  directly  from  a 
particular  time  during  an  active  Booster  cycle.  In  the  latter 
case,  an  orbit  shortly  after  injection  is  typically  used.  The 
orbit  is  measured  as  a  function  of  time  using  the  BPM 
system,  and  then  the  current  ramps  needed  to  hold  the 
orbit  at  the  desired  point  are  calculated.  There  are  12 
break  points  during  the  33  msec  Booster  cycle  at  which 
the  closed  orbit  current  ramp  is  calculated.  This  is 
complicated  by  absolute  current  limits  and  a  600A/sec 
slewing  limit  between  each  time  break  for  all  correctors. 
The  optimum  corrections  are  calculated  based  on  all 
active  correctors,  initially  without  regard  to  the  limits.  If 
any  correctors  are  over  the  limit,  then  the  quantity  (D/L) 
is  calculated  for  each,  where  D  is  the  change  in  current 
since  the  last  time  break,  and  L  is  the  distance  to  the  limit 
for  that  magnet.  All  of  the  current  changes  are  then  scaled 
back  such  that  the  maximum  value  for  (D/L)  is  1, 
meaning  that  one  corrector  is  at  its  limit.  That  corrector  is 
set  to  the  maximum,  removed  from  the  active  list,  and  the 
orbit  is  reoptimized  using  the  rest  of  the  correctors.  This 
process  is  repeated  until  no  additional  correctors  hit  their 
limits,  up  to  a  maximum  of  15  iterations  for  each  time 
break.  Once  the  ramps  are  calculated,  they  are  sent  to  the 
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corrector  magnets  and  implemented  in  the  next 
accelerator  cycle.  There  is  also  a  steering  interface,  which 
enables  the  user  to  manipulate  the  orbit  relative  to  the 
present  desired  orbit,  and  then  recalculate  the  current 
ramps.  This  is  used  to  steer  the  beam  at  unusual 
locations,  such  as  extraction  points  or  low  aperture 
regions.  Finally,  the  loss  monitors  are  used  to  gauge  the 
beam  transmission  through  the  machine  once  the  ramps 
are  activated. 

Orbit  Correction  Results 

We  have  run  the  orbit  correction  program  on  Booster 
beam  going  to  MiniBooNE,  and  can  see  a  distinct 
difference  in  the  beam  position  throughout  the 
acceleration  cycle  due  to  the  correctors.  Figure  4  shows 
the  vertical  beam  position  with  and  without  the  ramped 
correctors  at  two  different  locations  in  the  tunnel:  long 
straight  sections  13  and  24.  At  each  location,  we 
successfully  held  the  orbit  fairly  flat  throughout  the  cycle 
with  the  correctors.  Long  13  is  a  special  case  because  it  is 
located  at  an  extraction  point  which  forces  the  beam 
position  to  be  lower  than  might  be  expected. 


B:VST13L  turn  BY  TURN 


Figure  4:  Vertical  beam  position  at  long  straight  section 
13  (top)  and  24  (bottom)  as  a  function  of  time  in  the 
Booster  cycle  with  and  without  the  correctors. 

It  is  also  possible  to  look  at  the  loss  monitor  results 
both  with  and  without  the  ramped  correctors.  Figure  5 
shows  the  normalized  loss  pattern  in  the  Booster  as  a 
function  of  the  position  around  the  ring  without  using  the 
ramped  correctors.  Figure  6  shows  the  normalized  losses 
with  the  correctors  on  and  actively  controlling  the  vertical 
beam  position.  While  the  overall  magnitude  of  the  losses 
remains  similar,  the  loss  distribution  was  successfully 
changed.  Beam  losses  at  Long  22  and  Long  24,  where 
sensitive  RF  cavities  are  located,  were  dramatically 
improved. 


CONCLUSIONS 

Demand  for  proton  production  at  Fermilab  has 
significantly  increased,  forcing  the  Booster  to  run  at 
record  intensity  and  repetition  rate.  Unfortunately,  beam 
losses  create  challenges  to  achieving  the  new  production 
goals.  The  orbit  correction  project  has  successfiilly 
controlled  the  beam  orbit  throughout  the  entire  Booster 
cycle.  As  a  result,  beam  losses  have  been  significantly 


improved  near  sensitive  equipment.  Work  on  this  project 
continues  in  order  to  reduce  overall  Booster  losses 
throughout  the  ring,  thus  enabling  consistent  high 
intensity  running  of  the  Booster. 
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Figure  5:  Normalized  Booster  losses  as  a  function  of 
position  around  the  ring  without  using  the  ramped 
correctors.  Note  the  high  losses  around  L/S  22  and  24  to 
the  right  of  the  plot. 
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Figure  6:  Normalized  Booster  losses  as  a  function  of 
position  around  the  ring  WITH  ramped  correctors  to 
change  the  vertical  beam  position.  Note  that  the  losses 
around  L/S  22  and  24  have  been  significantly  reduced. 
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Abstract 


ION  SOURCE  TYPES 


Much  of  the  development  of  the  CRYRING  facility  has 
been  aimed  at  the  production,  handling  and  measurement 
of  weak  beams,  often  of  ions  that  are  difficult  to  produce 
in  the  ion  sources.  Due  to  the  diverse  requirements  for 
ions,  several  different  ion  source  types  are  in  use.  To  be 
able  to  handle  and  measure  the  weak  beams,  the  beam 
diagnostic  systems  have  been  improved. 

The  ECR  source  is  in  regular  use  for  single  pass 
experiments  and  will  be  used  for  experiments  in  the 
storage  ring  before  the  summer  of 2003. 

The  EBIS  source  has  been  renovated  and  upgraded  with 
a  new  electron  gun  and  will  be  back  in  operation  in  May 
2003. 

INTRODUCTION 

The  CRYRING  facility  consists  of  a  low  energy  storage 
ring  and  a  collection  of  ion  sources  that  can  be  used  for 
injecting  beams  into  the  ring  and  also  for  experiments 
directly  at  the  beam  lines  from  the  sources.  The  available 
sources  are:  several  types  for  singly  charged  ions  with 
different  requirements,  both  positive  and  negative;  an 
ECR  source  for  ions  with  moderately  high  charges  and  an 
EBIS  source  for  the  production  of  highly  charged  ions. 
The  beam  line  from  the  ECR  source  to  the  ring  has  been 
completed,  but  since  the  300  kV  platform  still  requires 
some  work,  beams  have  not  yet  been  transported  to  the 
ring.  Experiments  are  planned  to  use  ECR  beams  in  the 
ring  before  the  summer  of  2003.  Several  experiments 
have  however  been  using  the  ECR  beam  for  single-pass 
experiments  at  lower  energies  since  2001.  The  advantage 
of  the  higher  currents  available  have  been  clear  for  those 
experiments  that  do  not  need  the  highest  charge  states 
available  from  the  EBIS. 

ION  PRODUCTION  FOR  THE  RING 

Rather  exotic  requests  for  ions  to  be  stored  in  the  ring 
have  become  a  common  part  of  our  efforts  to  run  the 
CRYRING  facility.  It  may  be  veiy  highly  charged  ions, 
like  rare  organic  molecules,  like  CyD?""  and  C3H3^, 
or  clusters,  like  H(H20)6^  and  Ds^.  Also  specially 
prepared  ions  are  requested,  like  rotationally  or 
vibrationally  cold  molecules.  Many  of  the  requested  ions 
require  careful  preparation  and  sometimes  development 
of  methods  to  produce  them  in  sufficient  amounts  and  in 
ways  that  give  a  reasonable  lifetime  of  the  ion  sources. 
For  the  highly  charged  ions,  the  EBIS  source  has  been 
used  exclusively,  but  for  singly  charged  ions,  several 
different  types  of  ion  sources  have  to  be  used  to  comply 
with  all  the  different  ion  requirements. 


The  EBIS  source 

The  EBIS  has,  to  a  large  extent  not  been  able  to  deliver 
beams  during  the  last  year.  A  combination  of  a  much 
needed  renovation  and  upgrading  and  a  couple  of 
unfortunate  technical  failures  has  led  to  a  long  period  of 
work  on  the  source  while  it  has  not  been  able  to  deliver 
beams  to  experiments.  All  this  work  has  just  been 
finished  and  cooling  down  of  the  source  has  started. 
Equipped  with  a  new  electron  gun,  it  is  expected  to 
deliver  beams  with  lower  emittance  and  the  transport  of 
the  beams  will  be  more  efficient.  Beams  will  be  delivered 
to  experiments  again  in  May. 

Hot  cathode  source 

Several  different  ion  sources  are  used.  The  workhorse 
is  a  hot  filament  source  with  a  solenoidal  magnetic  field 
[1].  A  discharge  is  created  in  the  source  by  entering  a 
suitable  material  from  which  the  desired  ion  can  be 
created.  Quite  often  a  pulsed  injection  is  used,  which  has 
the  effect  both  to  prolong  the  lifetime  of  the  source  and 
also  often  to  increase  the  ion  current  produced.  The 
substances  that  are  used  are  gases,  liquids  as  well  as 
solids.  Gases  are  normally  straightforward,  though  special 
care,  of  course,  has  to  be  taken  for  gases  that  are 
poisonous  or  explosive.  For  the  liquids,  the  vapor 
pressures  are  regulated  by  changing  the  temperatures  of 
the  substances.  The  liquids  often  have  to  be  cooled  to 
reduce  the  pressure  but  in  some  cases  also  heating  is 
necessary.  In  this  case  also  the  feed  lines  into  the  source, 
including  valves  etc.,  have  to  be  heated  to  avoid 
condensing  of  the  liquid  in  the  thin  tubes  used,  which 
leads  to  blocking  of  the  tubes  and  uncontrollable  behavior 
of  the  source.  The  solids  are  heated  in  an  oven  that  is 
attached  to  the  source,  close  to  the  discharge  chamber.  If 
their  vapor  pressure  is  sufficient,  pure  metals  is  used,  e.g. 
Pb  and  Ca.  More  commonly  a  chloride  or  fluoride  salt  has 
to  be  used.  The  oven  in  use  at  present  is  limited  to  about 
900  C  and  the  vapor  pressure  needed  for  sufficient  ion 
production  is  about  10  mtorr.  In  some  cases  the  use  of  a 
noble  gas  as  a  carrier  gas  gives  a  more  stable  and  reliable 
operation. 

The  hot  source  is  suitable  for  the  production  of  most  of 
the  requested  ions,  also  the  hydrocarbon  ions  and  ions 
containing  oxygen.  The  problems  associated  with  these 
substances  in  a  hot  source:  internal  shortcuts  due  to  soot 
deposit  on  the  insulators  and  rapid  consumption  of  the  hot 
filament,  respectively,  are  quite  efficiently  counteracted 
by  the  pulsing  mentioned  above.  At  least  the  need  to 
change  source  is  reduced  to  at  most  twice  during  an 
experimental  week. 
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Cold  cathode  source 

In  some  cases,  however,  a  cold  cathode  source  is  used. 
The  main  reasons  for  the  use  of  this  source  are  when 
cluster  ions  are  to  be  produced  and  when  vibrationally 
colder  ions  are  needed.  The  cluster  ions  are  destroyed  by 
the  high  temperature  in  the  hot  source  and  their  formation 
is  also  favored  by  the  higher  pressure  in  the  cold  cathode 
source.  Also  with  this  source  pulsing  of  the  vapors  that 
are  needed  to  produce  the  clusters  is  used. 

Nier  type  source 

Two  further  ion  sources  are  used  when  the 
experimentalists  have  particular  requirements  on  the 
vibrational  and/or  rotational  populations  of  the  molecular 
ions.  An  electron  bombardment  source  of  the  NIER  type, 
built  at  AMOLF,  Amsterdam  [2],  delivers  cold  ions  of 
symmetric  diatomic  molecules,  such  as  02^  and  N2'^,  with 
a  controlled  vibrational  population.  Since  these  molecules 
do  not  have  an  electric  dipole  moment,  they  do  not  cool 
down  by  emitting  infrared  radiation  while  stored  in  the 
ring. 

Supersonic  expansion  source 

A  particular  case,  ever  since  it  once  was  the  subject  of 
investigation  during  the  first  experiment  performed  in  the 
ring  in  1993,  is  This  molecule  plays  an  important 
role  in  the  production  of  molecules  in  interstellar  space. 
To  be  able  to  use  the  measxirements  of  the  recombination 
rates  that  could  be  performed  in  the  CRYRING  storage 
ring  in  calculations  of  molecular  synthesis  in  interstellar 
space,  the  ions  have  to  be  produced  in  a  very  cold  state. 
With  the  help  of  a  source  utilizing  a  supersonic  expansion 
technique,  developed  by  the  group  at  the  department  of 
chemistry  at  UC  Berkeley  led  by  Richard  Saykally,  cold 
molecules  with  temperatures  of  20  -  60  K  could  be 
produced.  The  important  results  of  these  measurements  in 
CRYRING  have  recently  been  published  in  Nature  [3]. 

Cesium  sputter  source 

For  the  production  of  negative  ions,  a  commercial 
source  of  the  Cesium  sputter  type  is  used.  This  source  is 
able  to  produce  a  wide  variety  of  negative  ions  by 
carefully  choosing  the  proper  cathode  material. 

WEAK  BEAM  DIAGNOSTICS 

The  success  of  delivering  all  these  rare  ions  to  the 
experiments  has  been  made  possible  due  to  improvements 
of  the  diagnostic  equipment,  both  in  the  beam  lines  and 
the  storage  ring.  In  a  few  cases,  beams  with  currents 
below  1  nA  from  the  ion  source  have  successfully  been 
transported  to  the  ring,  stored,  accelerated  and  electron 
cooled.  Low-noise  amplifiers  and  beam-loss  particle 
detectors  have  been  the  main  tools  for  this  task. 
Sometimes  the  trick  of  setting  up  the  ring  with  another 
ion,  which  could  be  produced  in  larger  amounts,  and 
having  the  same  charge-to-mass  ratio  as  the  desired  one 
has  been  used.  This  procedure  helps  a  lot  for  the  rarest 
ions.  As  an  example,  the  use  of  ^^e^^  to  prepare  the  ring 


for  the  injection  of  0.5  nA  can  be  mentioned.  Since 
many  experiments  also  require  a  measurement  of  the 
stored  current  in  the  ring,  to  be  able  to  measure  absolute 
reaction  cross  sections,  much  work  has  been  done  to 
reduce  the  noise  of  the  AC  current  transformer.  Figure  1 
shows  an  example  of  a  current  measurement  in  the  ring. 
The  current  transformer  used,  of  the  ICT  type  from 
Bergoz,  has  been  better  adapted  to  our  needs.  It  now  has  a 
noise  that  is  20  times  lower  than  originally,  thus  enabling 
us  to  measure  bunched  circulating  currents  below  1  nA. 
To  obtain  this  noise  reduction,  we  have  replaced  the 
original  preamplifier  with  a  higher  gain,  low-noise  one 
and  placed  this  amplifier  close  to  the  detector.  Since  the 
current  measurement  with  this  type  of  current  transformer 
has  to  be  performed  on  a  bunched  beam,  it  is  done  in  the 
beginning  of  the  ring  cycle,  with  the  RF  voltage  on.  The 
count  rates  of  the  detectors  in  the  experiments  are  then 
normalized  to  the  current  measured  with  the  help  of  a 
beam-loss  detector  which  measures  neutral  particles  that 
are  lost  from  the  beam  at  the  zero-degree  exit  after  a 
dipole  magnet. 


Figure  1 :  Current  of  a  stored  H2S^  beam. 


ORDERED  BEAMS 

The  phenomenon  of  a  sudden  change  in  the  momentum 
spread  of  a  weak,  electron-cooled  highly  charged  ion 
beam,  as  seen  in  the  Schottky  spectrum,  which  was 
originally  observed  at  GSI  in  Darmstadt,  has  also  been 
studied  in  CRYRING  This  sudden  change  of  the 
properties  of  the  beam  has  been  interpreted  as  a  transition 
to  an  ordered  state  and  has  been  observed  in  weak  beams 
of  electron-cooled  highly  charged  ions. 

Using  coasting  beams  of  7.4  MeV/u  Xe^^  ions,  we 
have  studied  how  the  particle  number  at  the  transition 
depends  on  the  electron-cooling  power  (varied  by 
changing  the  electron  current  in  the  cooler).  When  the 
cooling  is  weak  it  is  found  that  the  transition  to  the 
ordered  state  can  take  place  at  very  low  particle 
numbers — less  than  100.  Since  the  circumference  of  the 
CRYRING  storage  ring  is  51  m,  the  particle  distance  in 
this  case  is  of  the  order  of  0.5  m.  When  the  strength  of  the 
cooling  is  increased,  on  the  other  hand,  a  kind  of 
saturation  is  seen,  such  that  ordering  with  more  than 
about  6000  particles  has  not  been  observed.  Although  this 
saturation  could  be  due  to  experimental  limitations,  there 
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are  reasons  to  believe  that  it  has  to  do  with  the  properties 
of  the  ordered  state. 

At  CRYRING,  indications  of  ordering  have  also  been 
seen  with  a  bunched  beam,  looking  at  the  bunch  shape 
with  a  longitudinal  pickup  and  an  oscilloscope.  Using  an 
rf  amplitude  of  only  6  mV,  sharp  transitions  from  a  broad 
emittance-dominated  bunch  to  a  much  narrower, 
approximately  3  m  long  space-charge  dominated  bunch 
were  seen  when  the  bunch  contained  some  400  Xe^^"^ 
ions.  This  bunch  length  and  particle  number  agree  well 
with  theoretical  calculations  of  the  bunch  length  for  a 
one-dimensionally  ordered  particle  configuration,  and  the 
line  density  is  quite  similar  to  upper  limit  for  coasting 
beams.  Also  in  the  Schottky  spectrum  a  transition  was 
observed,  as  shown  in  fig.  2. 

Studying  bunched  rather  than  coasting  beams  gives  a 
possibility  to  control  the  linear  particle  density  in  the  ring 
by  just  changing  the  rf  amplitude.  Thus  one  could  hope  to 
achieve  ordered  beams  with  higher  densities  than 
previously  observed,  and  one  might  also  be  able  to 
observe  their  “vaporization”.  A  recent  update  of  our 
observations  can  be  found  in  ref  4. 


-^-2  0  2  4 
Ap/p  (xIO-®) 

Fig.  2.  Schottky  spectrum  of  a  Xe^^^  beam  with  an  rf 
voltage  of  6  mV  indicating  the  observed  transition  to  an 
ordered  state  with  a  bunched  beam. 
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Abstract 

The  beam  optics  design  of  a  small  5-tum  cw  racetrack 
microtron  is  described.  This  microtron  is  the  first  stage  of 
a  two-stage  microtron  of  3 1  MeV  maximum  energy,  and 
50  pA  maximum  current.  The  microtron  booster  is  fed  by 
a  1.8  MeV  injector  linac.  This  configuration  was  chosen 
in  order  to  maximize  the  final  energy  of  the  system  with 
the  available  RF  power,  and,  as  a  result,  it  was  necessary 
to  operate  the  first  stage  outside  the  ideal  orbital  stability 
region.  The  separation  between  successive  return  orbits  is 
not  constant,  and  the  system  presents  large  phase 
oscillations  from  one  orbit  to  another.  Nevertheless  it  was 
possible  to  find  geometrical  and  magnetic  field  strength 
configurations  that  allow  the  extraction  of  a  4.9  MeV 


beam,  within  the  design  goals  for  the  main  acceleration 
step. 

INTRODUCTION 

The  Physics  Institute  of  the  University  of  Sao  Paulo 
(IFUSP)  is  building  a  31  MeV  continuous  wave  (cw) 
racetrack  microtron  [1,2].  This  two-stage  microtron 
includes  a  1.8  MeV  injector  linac  feeding  a  five-tum 
microtron  booster  that  increases  the  energy  to  4.9  MeV. 
After  28  turns,  the  main  microtron  delivers  a  3 1  MeV  cw 
electron  beam.  The  injector  has  a  capture  section  and  a 
pre-accelerating  section;  therefore  the  complete 
accelerator  has  four  RF  accelerating  sections,  operating  at 
2450  MHz.  Figure  1  shows  an  isometric  view  of  the 
machine  in  the  accelerator  building. 


Figure  1  -  Isometric  view  of  the  accelerator  in  the  accelerator  building. 


This  cascaded  configuration  was  adopted  in  order  to  whole  system  with  a  single  RF  source,  namely  a  50  kW 
maximize  the  final  energy  of  the  system,  keeping  costs  cw  klystron.  Several  configurations  were  tried,  with 
within  our  limited  budget,  what  meant  powering  the  different  power  distributions,  but  the  one  that  allowed 
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achieving  the  highest  final  energy,  with  reasonably 
conservative  parameters,  included  a  microtron  booster. 
This  solution  allowed  increasing  the  injection  energy  of 
the  main  microtron  to  close  to  5  MeV,  reserving  enough 
RF  power  to  push  the  final  beam  energy  to  31  MeV, 
approximately  20  %  higher  than  the  other  configurations. 

In  this  paper  we  describe  the  design  of  the  first  stage  of 
this  configuration,  the  microtron  booster.  Due  to  the  low 
injection  energy,  1.8  MeV,  the  booster  operates  outside 
the  phase  stability  region,  and  so  is  restricted  to  a  small 
number  of  turns. 


STABILITY  CONDITIONS 


The  stability  conditions  of  a  racetrack  microtron  are 
those  that  allow  synchronous  acceleration  of  the  electrons 
and  constant  spacing  between  consecutive  orbits.  They 
are  very  well  known  and  identical  to  those  of  the 
conventional  microtron  [3]: 


27rrj  +  2L 
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where  p  is  the  length  of  the  first  orbit  in  integral  numbers 
of  wavelength; 

Ki  is  the  first  orbit  radius; 

L  is  the  separation  between  magnets; 

AW  is  the  energy  gain  per  turn; 

X  is  the  accelerating  RF  wavelength; 

Pn  is  the  ratio  between  the  electron  speed  at  turn 
number  n  and  the  velocity  of  light; 

B  is  the  magnetic  field  of  the  end  magnets; 

27EWnC^ 
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is  the  cyclotron  field; 


V  is  the  integral  increment  in  the  period  between 
two  consecutive  orbits. 

For  ultra-relativistic  electrons,  p„+i  «p^  and  eqn.  (2) 
becomes  much  simpler.  That  is  the  situation  in  ordinary 
microtron  designs,  when  the  injection  into  the 
recirculating  path  is  done  with  sufficiently  high  energy.  In 
our  case,  however,  it  is  not  possible  to  apply  the  above 
approximation,  and  the  period  increment  between  orbits 
is  not  constant.  This  clearly  prevents  phase  stability,  but 
we  were  able  to  find  a  reasonably  stable  condition  for  a 
few  turns,  increasing  the  beam  energy  high  enough  to 
allow  insertion  on  the  second  stage.  The  simulation,  using 
the  PTRACE  code  [4},  was  divided  in  two  steps:  first  we 
simulated  a  closed  RTM  (without  insertion  or  extraction 
magnets)  just  to  look  for  a  possible  solution.  After  finding 
a  reasonable  solution,  we  introduced  the  insertion  and 
extraction  devices  and  optimized  the  configuration. 

Figure  2  shows  some  results  of  the  first  simulations, 
namely  the  phase  shift  versus  energy  gain  per  turn  on  a 
hypothetical  10-tum  machine. 


Figure  2  -  Phase  shift  versus  energy  gain  per  turn 

It  is  clear  from  Fig.  2  that  a  large  phase  shift  oscillation 
builds  up  after  the  fourth  turn,  but  it  is  also  clear  that,  if 
one  limits  the  number  of  turns  to  five,  it  is  possible  to 
design  a  stable  RTM,  that  will  increase  the  energy  from 
1.8  to  4.9  MeV,  which  is  high  enough  for  injection  on  the 
main  accelerator. 

Next  step  was  the  simulation  of  a  more  realistic 
machine,  including  injection  and  extraction  devices.  The 
injection  line  introduced  a  new  difficulty,  due  to  the 
proximity  between  one  of  the  end  magnets  (N  magnet) 
and  a  small  15°-dipole  (D3)  necessary  to  make  the  return 
line  of  the  injected  beam  parallel  to  the  accelerating 
structure,  as  shown  in  Fig.  3. 


Figure  3  -•  Schematic  drawing  of  the  booster.  The 
distance  between  the  pole  faces  of  the  end  magnets  is 
1555.4  mm 
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The  magnetic  induction  field  of  the  D3  dipole  is  much 
smaller  than  that  of  the  end  magnet,  and  the  distance 
between  their  pole  faces  is  only  about  10  cm,  so  the  field 
in  this  region  is  a  combination  of  their  fringing  fields. 
Figure  4  shows  the  field  configuration  resulting  from  the 
measured  fields  of  both  magnets  [5,6]  and  their 
composition  [7]. 


Z  (cm) 

Figure  4  -  Field  distribution  in  the  region  between  the 
end  magnet  N  and  the  D3  dipole.  N  end  magnet,  circles; 
D3  dipole,  triangles;  composition,  squares. 


RESULTS  AND  CONCLUSIONS 

Using  the  combined  field  shown  in  Fig.  4,  we 
optimized  the  configuration  of  the  booster  with  the 
PTRACE  code.  Table  1  summarizes  the  main 
characteristics  of  the  booster,  after  the  optimization 
process. 

As  can  be  seen  from  Table  1,  the  path  length  increment 
was  not  constant,  nevertheless  this  configuration  is  able  to 
boost  the  beam  energy  to  a  level  appropriate  for  injection 
in  the  main  RTM,  with  an  average  energy  gain  of  0.625 
MeV  per  turn.  The  mechanical  design  shown  in  Fig.  3 
was  made  after  the  optical  design  suggested  by  these 
simulations. 

With  this  configuration,  the  RF  power  from  the 
klystron  tube  is  divided  as:  9  kW  for  each  of  the 
structures  of  the  injector  linac,  7  kW  for  the  booster  and 
13  kW  for  the  main  stage  microtron. 
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Table  1  -  Main  characteristics  of  the  booster 


Turn 

E  (MeV) 

p 

V 

AL  (cm) 

AE  (MeV) 

A*n 

Injection 

1.77 

0.9746 

0.8816 

1 

2.44 

0.9849 

1.0373 

12.643 

0.68 

-11.81 

2 

3.12 

0.9900 

0.9657 

13.048 

0.68 

-23.75 

3 

3.72 

0.9927  i 

0.9066 

12.563 

0.60 

-9.50 

4 

4.27 

0.9943 

1.1371 

11.444 

0.55 

23.40 

5 

4.95 

0.9956 

13.353 

0.69 

-32.74 
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BEAM  TRANSPORT  SYSTEM  FOR  THE  IFUSP  MICROTRON 

M.N.  Martins,  P.B.  Rios,  M.L.  Lopes,  J.  Takahashi,  Laboratorio  do  Acelerador  Linear,  Instituto  de 
Fisica  da  Universidade  de  Sao  Paulo,  CP66318,  05315-970  Sao  Paulo,  SP,  Brazil 


Abstract 

This  work  describes  the  beam  optics  design  of  the  two 
transport  lines  of  the  IFUSP  cw  microtron.  The  first  one 
links  the  two  stages  of  the  accelerator,  while  the  second 
one  connects  them  to  the  experimental  hall.  Placement  of 
the  active  elements  along  the  beam  line,  as  well  as  the 
optimization  of  their  operational  parameters  were  done  by 
simulation  of  the  beam  optics  wiA  two  different  codes. 

INTRODUCTION 

The  Laboratorio  do  Acelerador  Linear  (LAL)  of  the 
Instituto  de  Fisica  da  Universidade  de  Sao  Paulo  is 
building  a  continuous  wave  (cw)  electron  race-track 
microtron  (RTM)  [1-3].  This  two-stage  microtron 


includes  a  1.8  MeV  injector  linac  feeding  a  five-turn 
microtron  booster  that  increases  the  energy  to  4.9  MeV. 
After  28  turns,  the  main  microtron  delivers  a  31  MeV 
electron  beam.  In  order  to  minimize  the  background 
radiation,  the  experimental  hall,  with  two  beam  lines,  is 
located  2.68  m  below  the  accelerator  room.  Figure  1 
shows  an  isometric  view  of  the  machine  in  the  accelerator 
building.  In  the  experimental  hall,  one  of  the  beam  lines 
will  be  dedicated  to  experiments  using  tagged  photons, 
while  the  remaining  line  will  be  used  for  high  beam 
intensity  experiments,  such  as  nuclear  resonance 
fluorescence  (NRF)  or  production  of  X-rays  by  coherent 
bremsstrahlung  [4]. 


Figure  1  -  Isometric  view  of  the  accelerator  in  the  accelerator  building. 


BEAM  LINE  OPTICS  DESIGN 

The  standard  design  procedure  of  beam  transport 
systems  includes  the  following  steps: 


1.  “Zeroth”  order  calculations,  to  be  used  as 
ansatz  to  the  next  step; 

2.  Envelope  simulations  to  optimize  the 
operational  parameters  of  the  active  elements 
and  their  placement  along  the  beam  path; 
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3.  Particle  tracking  through  the  obtained 
transport  system. 

The  first  step  is  usually  done  by  analytical 
calculations,  the  last  two  using  computer  simulations 
codes  such  as  TRANSPORT  [5,6]  and  PTRACE  [7] 
respectively. 

In  this  particular  project  it  was  not  possible  to  use 
the  TRANSPORT  code  to  simulate  the  beam 
characteristics  of  the  microtron  booster,  due  to  the  low 
energy  of  the  electron  beam,  which  lead  to  large 
accelerating  phase  slips  between  consecutive  orbits  and, 
consequently,  to  varying  path  differences. 

PTRACE  is  a  particle  tracking  code  specifically 
developed  to  design  microtrons,  and  its  main  feature  is 
the  correct  calculation  of  the  phase  slip  of  the  electrons, 
regardless  their  energy.  On  the  other  hand,  it  presents  a 
severe  limitation  on  die  number  of  simulated  tracks  per 
batch  (only  10  on  the  original  code).  To  overcome  this 
limitation  we  developed  a  macro  to  a  spreadsheet 
application  that  allowed  easy  simulation  of  large  numbers 
of  electron  tracks,  as  well  as  determination  and 
visualization  of  the  main  characteristics  of  the  beam  [8]. 
This  macro  was  also  used  as  a  tool  to  facilitate  the 
optimization  of  the  operational  parameters  of  the 
electromagnets  of  the  booster.  It  allowed  the  simulation  of 
a  large  number  of  electron  tracks  (typically  several 
thousands)  and  statistical  determination  of  the  beam 
characteristics. 

On  the  transport  lines,  /.e.,  on  the  lines  linking  the 
microtrons  and  connecting  them  to  the  experimental  hall, 
it  was  possible  to  use  the  ordinary  designing  steps.  The 
main  difficulty  foimd  was  the  need  of  large  angular 
deviations  on  both  vertical  and  horizontal  planes,  with 
small  curvature  radius,  including  a  switching  magnet  to 
select  between  the  two  possible  experimental  lines  [9]. 


RESULTS  AND  DISCUSSION 

Using  the  methods  outlined  above,  it  was  possible  to 
obtain  a  beam  of  good  optical  quality  along  the  path. 

Figure  2  shows  the  beam  profile  along  the  microtron 
booster,  with  marks  pointing  the  last  simulation  element 
of  each  synchronous  accelerating  turn,  as  well  as  the 
insertion  and  extraction  turns. 

As  expected,  the  beam  divergence  in  both  horizontal 
and  vertical  planes  are  bigger  on  the  insertion  step,  since 
it  is  not  possible  to  neither  introduce  correcting  elements 
nor  even  change  the  distance  between  the  insertion  dipole 
and  the  end  magnet. 


L  (m) 

Figure  2  -  Beam  profile  along  the  microtron  booster: 
horizontal  beam  size,  X  (black  squares);  horizontal  beam 
divergence,  X’  (red  circles);  vertical  beam  size,  Y  (green 
triangles);  vertical  beam  divergence,  Y’  (blue  triangles). 

Figure  3  shows  the  beam  profile  along  the  transfer  line, 
with  its  main  steps  marked. 

FAtracliiin  Descending  Suilching 


Figure  3  -  Beam  profile  along  the  transport  line:  see 
caption  of  Fig.  2 

We  also  have  space  limitations  on  the  extraction  line 
from  the  booster,  where  there  is  not  enough  room  to  place 
correcting  elements,  and  the  beam  is  required  to  follow 
two  non-symmetrical  deviations  to  (z)  clear  the  end 
magnet,  and  (ii)  reach  the  main  transport  path,  as  shown 
in  Fig.  4. 

The  descending  slope  is  a  parallel  vertical  displacement 
of  90°  with  a  bending  radius  of  35  cm,  followed  by  a  6-m 
long  straight  section  and  the  switching  magnet,  where  the 
beam  turns  horizontally  by  90°  with  an  lUcm  radius  of 
curvature.  This  sharp  curve  increases  the  divergence  at 
the  end  of  the  trajectory,  but  the  beam  still  presents 
characteristics  suitable  for  the  intended  uses. 
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between  the  end  magnets  is  1.5  m. 

CONCLUSIONS 

The  use  of  different  simulation  codes,  due  to  project 
restrictions,  imposed  some  extra  labour  but  did  not 
introduce  any  major  discrepancies  between  them. 

Spreadsheet  applications  made  the  statistical  analysis 
easier  and  faster,  which  allowed  us  to  compare  results  and 
improve  our  design.  But  the  need  for  a  dedicated  beam 


transport  design  tool  for  low  energy  microtrons  still 
remains. 
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INSIGHTS  IN  THE  PHYSICS  OF  THE  DYNAMIC  DETUNING  IN  SRF 
CAVITIES  AND  ITS  ACTIVE  COMPENSATION* 


Marc  Doleanst,  Sang-ho  Kim,  ORNL/SNS,  Oak  Ridge,  TN  37830,  USA. 


Abstract 

Elliptical  SRF  cavities  operated  in  pulsed  mode  experi¬ 
ence  dynamic  Lorentz  detuning  because  of  the  time  vary¬ 
ing  radiation  pressure.  Due  to  the  narrow  electromagnetic 
bandwidth  of  these  resonators,  the  induced  detuning  can 
severely  affect  their  matching  conditions  to  the  RF  feeding 
system.  The  active  compensation  scheme  using  piezoelec¬ 
tric  tuners  has  proven  to  be  a  viable  and  attractive  method  to 
minimize  the  effects  of  the  Lorentz  detuning.  To  optimize 
this  compensation,  mechanical  parameters  are  extracted  for 
the  action  of  the  Lorentz  forces  and  the  piezoelectric  tuner 
from  both  measurement  and  simulation.  This  process  gives 
insights  into  the  physics  of  the  dynamic  detuning,  such 
as  the  nature  of  the  coupling  differences  of  both  detuning 
sources,  the  possible  settings  for  the  measurement  of  the 
dynamic  detuning  with  the  methods  to  deduce  mechanical 
parameters  from  them,  and  the  origin  of  possible  parasitic 
effects  in  the  measurements.  These  issues  are  reported  and 
discussed  along  with  some  ideas  for  the  optimization  of  the 
detuning  compensation. 

DETERMINATION  OF  THE  CAVITY 
MECHANICAL  PROPERTIES 

Qualitative  modeling  by  a  vibrating  string 

The  modeling  of  the  cavity  wall  vibrations  by  a  vibrating 
string  is  interesting  because  of  its  relative  simplicity  and 
because  it  contains  various  aspects  of  the  physics.  Firstly, 
the  amplitude  of  the  vibrations  are  small  which  is  usually 
assumed  in  the  vibrating  string  problem.  Secondly,  a  string 
of  finite  length  with  fixed  boundary  conditions  will  produce 
a  modal  basis  equivalent  to  the  mechanical  resonances  of 
the  cavity.  Thirdly,  some  mode  damping  can  be  added  to 
reproduce  the  attenuation  in  time  of  the  cavity  mechani¬ 
cal  mode  vibrations.  Fourthly,  distributed  forcing,  like  the 


projections  of  the  frequency  sensitivity  on  the  mode  shapes. 
As  a  direct  consequence,  it  concludes  that  the  coupling  co¬ 
efficients  for  the  Lorentz  force  action  are  all  of  the  same 
sign  because  the  acting  force  is  proportional  to  the  radiation 
pressure  Prad  =  ~  whereas,  according 

to  the  Slater  formulation,  the  frequency  sensitivity  is  lo¬ 
cally  proportional  to  eo\E\^  —  This  particularity 

does  not  hold  for  other  sources  of  dynamic  detuning  such 
as  piezoelectric  tuners  or  microphonics  because  the  acting 
forces  do  not  depend  on  the  cavity  fields.  In  those  cases, 
the  coupling  coefficients  can  therefore  be  of  both  signs. 
This  fact  seems  confirmed  by  measurements  as  shown  in 
the  next  section.  The  system  of  ODE  for  the  Lorentz  forces 
action  and  piezoelctric  tuner  action  can  therefore  be  written 
as  ..  Q 

AWm  -b  “b  (1) 

Vm 

AtOjfi  -b  pz  AcJitj,  +  Q,^Au)jfi  —  Q^^hfTfi^pVp  (2) 

where  Vp  is  the  input  voltage  driving  the  piezoelectric 
tuner.  As  mentioned,  the  coupling  coeffients  km,L  associ¬ 
ated  to  the  Lorentz  forces  are  only  expected  positive  from 
the  model.  From  Eq.  (1)  and  Eq.  (2),  it  concludes  that 
in  CW  operation  the  relevant  parameter  is  K  whereas  in 
pulsed  operation,  the  position  of  the  modes  with  respect  to 
the  harmonics  of  the  repetition  rate  and  the  width  of  the 
resonance  peaks  are  the  prime  concerns.  For  this  reason, 
a  harmonical  analysis  of  the  actions  of  the  Lorentz  forces 
and  of  the  piezoelectric  tuner  is  of  direct  interest.  This  can 
be  performed  by  measuring  the  transfer  functions  for  both 
sources  of  dynamic  detuning.  In  the  next  section,  those 
measurements  and  their  study  using  simulations  are  pre¬ 
sented. 


Lorentz  forces,  or  local  forcing,  like  the  piezoelectric  tuner 
action,  are  both  possible.  Fifthly,  the  detuning  can  be  con¬ 
nected  to  the  vibrations  by  integration  of  the  transverse  dis¬ 
placement  over  the  longitudinal  dimension  of  the  string. 
Details  of  the  modeling  and  of  the  calculus  are  presented 
in  [3].  In  the  end,  the  model  can  be  reduced  to  a  system  of 
second  order  ordinary  differential  equations  (ODE)  which 
support  other  analysis  using  such  a  modal  approach  [4].  In 
the  following,  the  modal  mechanical  parameters  are  written 

Qrrii  where  the  index  m  refers  to  the  me¬ 
chanical  mode.  Using  the  vibrating  string  model,  it  can  be 
shown  that  the  usually  quoted  parameter  K  for  the  Lorentz 
detuning,  linking  the  detuning  to  the  square  of  the  field  in 
the  cavity  as  A/  =  —KE^,  is  the  sum  of  all  the  modal  km' 
K  —  Also,  it  can  be  shown  [3]  that  the  coupling  co- 

m 

efficients  km  are,  as  suggested  in  [4],  the  products  of  the 
projections  of  the  acting  force  on  the  mode  shapes  by  the 


Mechanical  parameters  for  the  action  of  the 
piezoelectric  tuner 

The  amplitude  of  the  transfer  function  associated  to  the 
piezoelectric  tuner  action  was  presented  in  [1].  For  the 
corresponding  measurement  settings,  there  is  no  initial  de¬ 
tuning  (Aa;o  =  0)>  the  current  source  is  constant  through 
time  {I{t)  —  7o),  and  the  dynamic  detuning  is  sinusoidal 
(Aa;(t)  =  Acjosc  sin  ct;osc^)*  The  voltage  in  steady  state  is 
periodic,  using  the  parameterization  6  =  Uosct  gives  for 
the  normalized  voltage  i;(^)  = 

v{0)  =  (cr)  cos  6n  cos{n0  -On)  (3) 

n 

where  tan^n  =  are  polynomials  of  cr  = 

with  complex  coefficients  explicitly  given  in  [3].  Using 
Eq.  (3)  it  is  possible  to  efficiently  reproduce  the  transfer 
function  of  the  voltage  phase  by  finding  the  appropri- 


*SNS  is  managed  by  UT-Battelle,  LLC,  under  contract  DE-AC05- 
OOOR22725  for  the  U.S.  Department  of  Energy 
t  doleansm@oml.gov 


ate  mechanical  parameters  for  the  piezoelectric  tuner  ac¬ 
tion.  Particularly,  using  coupling  coefficients  of  both  signs 
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f[Hz]  f[Hz] 

Figure  1:  Measured  and  simulated  transfer  function  (amplitude  (left)  and  phase  (right))  for  the  action  of  the  piezoelectric 
tuner  in  the  SNS  medium  beta  cavity  (Prototype  cryomodule  cavity  #2).  The  input  signal  is  the  sinusoidal  modulations  of 
the  piezoelectric  input  voltage  Vp(f),  the  output  signal  is  the  voltage  phase  0v(f). 


allows  to  reproduce  correctly  the  phase  of  the  transfer  func¬ 
tion  as  displayed  in  Fig.  1. 

Mechanical  parameters  for  the  action  of  the  ra¬ 
diation  pressure 

A  possible  way  to  fill  a  cavity  under  dynamic  detuning 
is  the  phase-lock  loop  configuration  [6].  A  phase-lock  loop 
is  a  feedback  loop  designed  to  keep  the  phase  between  the 
forward  RF  power  and  the  cavity  voltage  at  a  given  con¬ 
stant  value  Oi.  As  a  consequence,  the  complexity  of  the 
coupled  system  of  the  voltage  differential  equations  and 
the  mechanical  differential  equations  is  greatly  reduced  be¬ 
cause  the  voltage  amplitude  is  independent  of  the  dynamic 
detuning.  Using  this  property,  it  is  possible  to  obtain  the 
transfer  function  associated  to  the  action  of  the  radiation 
pressure  by  exciting  the  cavity  CW  with  small  amplitude 
modulation  on  the  forward  power.  The  Lorentz  transfer 
function  was  measured  by  JLAB  in  the  SNS  medium  beta 
prototype  cryomodule  cavity  #1  [5].  The  modulated  for¬ 
ward  RF  power  P^f  —  -Po{l  4-  e  sintUTnodf}.  where  e  is  a 
small  parameter,  generates  a  detuning  in  the  mechani¬ 

cal  mode 

^  +  ecos(;6wcos^rn 

Qm—  Sm(uJjnodt  +  <j>mod  +  ~  Tt)}  (4) 

^mod  Z 

where  Vi  =  v/8lZ^cos6»,,  t&n(t>mod  =  and 

‘"1/2 

tan  V-m  =  Qmi-^  -  ^).  Using  Eq.  (4),  it  is  possible 
to  find  adequate  mechanical  parameters  to  reproduce  the 
Lorentz  transfer  function.  Doing  so,  all  the  coupling  coef¬ 
ficients  are  assumed  positive  as  mentioned  previously.  The 
measured  and  the  reconstructed  transfer  functions  are  pre¬ 
sented  in  Fig.  2.  The  fact  that  all  the  coupling  coefficients 
are  of  the  same  sign  translates  to  a  rather  large  response 
for  the  low  frequency  part  of  the  amplitude  of  the  Lorentz 
transfer  function  because  the  contributions  of  all  the  me¬ 
chanical  modes  add  constructively.  In  comparison,  the  low 
frequency  part  of  the  amplitude  of  the  piezoelectric  tuner 
transfer  function  is  not  as  large  because  of  the  interference 
between  modes  with  positive  and  negative  coupling  coef¬ 
ficients.  Since  all  the  km,L  are  positive,  the  phase  of  the 
Lorentz  transfer  function  remains  bounded  in  [0;  tt].  More 
exactly,  in  [- 1 ;  tt]  because  of  an  additional  - 1  shift  orig¬ 
inating  from  the  parameter  which  evolves  progres¬ 


sively  from  0  to  -f  as  the  frequency  of  the  modulations 
^mod  passes  from  small  values  to  large  values  in  compari¬ 
son  to  the  electromagnetic  half-bandwidth  cJi/2.  This  tran¬ 
sition  is  the  reason  for  the  initial  slope  of  the  phase  of  the 
transfer  function  observed  in  Fig.  2,  It  is  interesting  to 
mention  that  the  value  of  u)if2  (and  therefore  of  Qgx)  can 
be  determined  from  this  slope, 

COMPENSATION  SCHEME  BASED  ON  A 
HARMONIC  ANALYSIS  OF  THE 
LORENTZ  DETUNING 

Depending  on  the  profile  of  the  Lorentz  detuning  in 
nominal  operation,  a  suited  profile  Vp{t)  has  to  be  found 
to  generate  a  detuning  A(jjp{t)  equal  and  opposite  to  the 
Lorentz  detuning  AujL{t)  (at  least  during  the  beam  pulse). 
Based  on  understanding  from  modeling,  a  harmonic  anal¬ 
ysis  of  the  problem  shows  that  an  ideal  compensation  can 
be  obtained  even  if  the  transfer  functions  for  the  piezoelec¬ 
tric  tuner  and  for  the  radiation  pressure  are  not  identical 
in  shape  (i.e  if  the  sets  of  coupling  coefficients  for  both 
detuning  sources  are  not  proportional  to  each  other).  In 
the  following,  this  harmonical  approach  is  presented.  For 
SRF  cavities  operated  in  pulsed  mode,  the  Lorentz  detun¬ 
ing  in  steady  state  contains  only  components  of  the  repe¬ 
tition  rate  ujrep  and  its  harmonics.  The  Lorentz  detuning 

oo 

can  be  written  Acjiit)  =  E  ^^L,n  cosijujrept  +  <j>L,n)- 
n~0 

To  obtain  an  ideal  compensation,  the  detuning  associated 
to  the  piezoelectric  tuner  should  be  such  that  Aojp(t)  = 

y  ^  cos(Tiuj'pQpt  “1“  0Pjfi,),  with  Aujp^ji  ~  Aloj^  ^  and 

n=0  ’ 

0p,n  for  each  harmonic  n.  In  this  prospective, 

the  piezoelectric  tuner  input  voltage  must  be  of  the  form 

oo 

Vp{t)  =  Yj  yp,n  cos{nuJrept  +  ^p,n)*  Supposing  an  infi- 

n=:0 

nite  number  of  mechanical  modes  m  =  1, 2, oo,  it  can 
be  shown  [3]  that: 

Vp,n  = 

0p,n  -  (t>L,n  +  TT  -  (6) 

oo  oo 

where  a„  =  E  c„,„sin2t/)„,„  ,  6„  =  -  E  Cn,m{^  + 

m=l  m=l 

cos2'0„,,„},  Cn,m  =  and 
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Figure  2:  Amplitude  and  phase  of  the  measured  [5]  and  reconstucted  transfer  function  associated  to  the  Lorentz  forces 
in  the  SNS  medium  beta  cavity  (Prototype  cryomodule  cavity  #1).  The  input  signal  is  the  sinusoidal  modulations  of  the 
forward  RF  power,  the  output  signal  is  the  dynamic  detuning  Au(t). 


tan  i)n-m  =  Qm  ( \  ^  illustrate  this  method, 
the  case  of  the  SNS  medium  beta  cavity  is  considered.  An 
example  of  a  dynamic  detuning  profile  for  a  cavity  oper¬ 
ated  close  to  nominal  condition  was  presented  in  [5]  and 
is  used  for  the  illustration  of  the  method.  The  initial  part 
of  the  measured  Lorentz  detuning  is  caused  by  a  parasitic 
signal  [3]  and  is  therefore  suppressed  in  the  analysis.  The 
mechanical  basis  for  the  action  of  the  piezoelectric  tuner 
was  reconstructed  up  to  600  Hz,  as  shown  in  Fig.  1.  Since 
the  repetition  rate  is  60  Hz,  the  Lorentz  detuning  function 
is  truncated  to  the  first  ten  harmonics  as  displayed  in  Fig. 
3.  The  input  voltage  Vp{t)  is  calculated  using  Eq.  (5)  and 
Eq.  (6).  The  result  is  plotted  in  Fig.  4. 


Figure  3:  Measured  Lorentz  detuning  function  AfL{t)  [5] 
and  its  truncation  to  the  10*^  harmonic  of  60  Hz,  ^/lio  (^)- 
This  truncated  function  constitutes  the  function  compen¬ 
sated  by  the  piezoelectric  tuner  input  voltage  Vp  {t)  of  Fig. 
4. 

CONCLUSION 

The  modeling  effort  was  beneficial  for  a  better  under¬ 
standing  of  the  coupling  of  the  Lorentz  forces  and  of  the 
piezoelectric  tuner  action  to  the  cavity.  From  this  under¬ 
standing,  the  mechanical  basis  for  both  detuning  sources 
could  be  reconstructed  by  the  use  of  simulating  tools.  A 
harmonic  analysis  was  presented  to  show  the  underlying 
basics  of  the  compensation.  The  proposed  scheme  can  be 
further  simplified  [3]  for  practical  application. 
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CONSTRUCTION  OF  USER  FACILITIES  FOR  THE  PROTON  BEAM 

UTILIZATION  OF  PEFP* 

K.  R.  Kim,  H.  R.  Lee,  B.  S.  Park,  K.  Y.  Nam,  and  B.  H.  Choi,  KAERI,  Daejeon,  Korea 


Abstract 

The  PEFP(Proton  Engineering  Frontier  Project)  was 
approved  by  the  Korean  government  under  its  21C 
Frontier  R&D  Program  last  year.  Final  goals  of  this 
project  are  construction  of  lOOMeV  proton  linear 
accelerator,  development  of  beam  utilization  technologies, 
and  promotion  of  related  industrial  technologies  [1].  Its 
major  beam  utilization  areas  are  new  genetic  resource 
development,  simulating  space  radiation  environment, 
SOI(Silicon  On  Insulator)  wafer  development  using  ion- 
cut  technology,  and  fast  switching  power  semiconductor 
development.  In  addition,  there  are  several  small  research 
projects  concerned  with  basic  science  and  nuclear  physics. 
In  the  PEFP,  20MeV  proton  beam  will  be  supplied  to  the 
users  for  their  experiments  from  the  middle  of  2007.  This 
paper  contains  the  conceptual  design  of  user  facilities  and 
the  construction  results  of  6MeV  proton"  beam  test  facility 
for  pilot  studies  of  the  proton  beam  utilization 
experiments  in  the  PEFP. 

INTRODUCTION 

In  the  PEFP,  there  are  several  research  projects 
concerned  with  biological  technology,  nano-technology, 
space  technology,  information  technology,  etc.  For  basic 
experiments  and  pilot  studies  of  the  proton  beam 
application  projects,  some  test  facilities  will  be  developed 
and  attached  to  some  existing  accelerators.  In  order  to 
understand  users’  demand,  a  demand  survey  was  carried 
out.  And  on  the  basis  of  its  result,  a  development  plan  of 
the  test  facilities  has  been  established  and  a  conceptual 
design  of  the  20MeV  proton  beam  utilization  facilities  of 
the  PEFP  has  been  performed.  First  of  all,  a  test  facility 
on  the  3MV  tandem  accelerator  of  SNU(Seoul  National 
University)  has  been  designed  and  will  be  installed  in  a 
few  months. 

DEMAND  SURVEY 

The  demand  survey  for  user  facilities  has  been  carried 
out  during  the  period  from  February  24‘^  to  March  15*.  17 
researchers  who  participate  in  the  PEFP  replied  to  the 
survey  suggesting  beam  specifications  and  irradiation 
conditions  which  they  want  to  apply  for  their  pilot  studies 
of  proton  beam  utilization.  They  preferred  using  domestic 
facilities  to  foreign  ones  because  of  good  accessibility  and 
low  expenses.  The  facilities  under  consideration  are  3MV 
tandem  accelerator  of  SNU,  MC-50  Cyclotron  of  the 
KIRAMS  (Korea  Institute  of  Radiological  &  Medical 
Science),  and  IMV  tandem  accelerator  of  KAERI  which 
is  now  under  development.  Some  users  proposed  the 
irradiation  condition  of  0.3~50MeV  proton  energy, 
lO^'-lO^®  /cm^  of  total  dose,  and  2cm'-' 15cm  diameter  of 


irradiation.  On  the  basis  of  the  survey  results,  a  6MeV  test 
facility  on  SNU  tandem  accelerator  has  been  designed 
and  a  design  of  20MeV  user  facilities  of  the  PEFP  will 
follow. 

In  Korea,  several  low  current  proton  beam  accelerators 
including  industrial  ion  implanters,  tandem  accelerators, 
and  cyclotrons  have  been  operated  during  last  10  years. 
Two  tandem  accelerators  in  KIGAM  (Korea  Institute  of 
Geo-science  and  Mineral  resources)  and  KAERI  and  one 
cyclotron  of  KIRAMS  are  the  candidates  of  PEFP’s  test 
facilities.  Especially,  IMV  tandem  accelerator,  which  is 
under  development  in  KAERI,  has  a  merit  of  large  current 
of  10mA.  For  this  reason,  it  will  be  utilized  as  a  main  test 
facility  for  researches  with  high  dose  rates. 

Proton  beam  utilization  technologies  are  being 
developed  in  the  fields  of  NT,  BT,  IT,  and  ST.  And  several 
small  projects  are  progressing  under  a  user  program 
development  project. 

Biological  Application 

The  uses  of  high  LET  (Linear  Energy  Transfer)  proton 
beam  have  attracted  an  increasing  interest  over  the  last 
years.  In  the  PEFP,  development  of  new  genetic  resources 
using  few  tens  MeV  proton  beam  was  the  main  concern  in 
the  field  of  biological  radiation  technology.  In  this 
research,  it  is  highly  important  to  investigate  impacts  on 
biological  species  through  LET  of  varying  proton  beam 
properties  [2],  A  low  flux  external  beam  irradiation 
facility  is  essential  for  the  study.  The  requested  energy 
range  is  l-50MeV,  with  flux  density  of  /cm^-sec. 

During  irradiation,  the  temperature  of  samples  has  to  be 
maintained  below  50  degree  centigrade. 

Nano  Application 

A  representative  theme  of  nano-technology  is  SOI 
wafer  development  using  ion-cut  technology.  Ion-cut 
technology  was  developed  by  SOITECH  and  named  as 
Smart-Cut  in  France  in  1994.  SOI  wafers  of  several 
hundreds  nanometer  thickness  are  now  commercially 
produced  by  SOITECH  with  this  technology.  Key 
technologies  in  manufacturing  SOI  wafers  by  ion-cut  are 
uniform  ion  beam  irradiation  over  whole  wafer  surfaces 
of  2~5”  size  and  CMP(Chemical-Mechanical  Polishing) 
technology.  The  uniformity  of  dose  distribution  has  to  be 
greater  than  95%  and  the  energy  difference  AE  has  to  be 
less  than  3keV  regardless  of  incident  energy  in  the  range 
of  300~600keV.  The  maximum  dose  is  .5310^^/cm^, 

Space  Application 

The  need  of  electronic  devices  for  space  applications 
has  been  increasing  with  the  growth  of  space  industry.  To 
evaluate  radiation-tolerant  characteristics  of  space  devices 
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is  veiy  important  in  view  of  operational  safety.  Proton 
beam  specifications  for  space  applications  are  similar  to 
those  of  biological  ones.  The  energy  range  is  10~50MeV 
and  the  flux  density  is  in  the  range  of  lO^'-lO^^/cm^-sec. 


6MEV  PRPTON  BEAM  TEST  FACILITY 

For  pilot  studies  of  proton  beam  utilization  of  PEFP,  a 
6MeV  test  facility  has  been  designed  and  will  be  installed 
at  tandem  accelerator  in  SNU.  The  beamline  is  composed 
of  scanning  magnets  for  raster  scanning,  a  beam  profile 
monitor,  and  an  irradiation  chamber  with  a  pumping  port, 
a  movable  target  stage  and  detectors.  The  schematic 
drawing  of  the  beamline  is  shown  in  Fig.  1.  Some 
manufactured  components  has  been  tested. 


«nii©3tllo| 
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Figure  1 :  Layout  of  6MeV  beamline  at  SNU  tandem. 


Scanning  Magnet 

Scanning  magnet  was  designed  to  irradiate  6MeV 
proton  beam  over  the  area  of  6cm36cm  with  raster 
scanning  method.  The  pole  gap  and  depth  are  1 10mm  and 
300mm  respectively.  As  a  result  of  its  installation  test,  the 
required  magnetic  field  of  lOOOG  has  been  achieved  with 
84.2A  coil  current  from  60Hz  sine  wave  power  supply  as 
shown  in  Fig.  2.  The  magnetic  field  is  linearly 
proportional  to  the  coil  current  and  the  uniformity  over 
the  pole  area  was  above  95%.  A  new  power  supply  of 
2~10Hz  operation  frequency  will  be  installed  to  improve 
irradiation  uniformity. 


Figure  2:  Characteristics  of  scanning  magnet. 


Faraday  Cup 

Small  Faraday  cup  was  designed  to  measure  proton 
beam  current.  Its  material  is  99.9%  pure  Aluminium  of 
5mm  thick  and  its  aperture  and  depth  are  10mm  and 
60mm  respectively.  To  suppress  secondary  electrons  from 
cup  surface  arising  through  proton  beam  bombardment, 
an  electrostatic  ring  with  maximum  voltage  of  IkV  and  a 
830G  SmCo  permanent  magnet  are  installed,  respectively 
inside  and  outside  of  the  Faraday  cup. 

Beam  Profile  Monitor 

Beam  profile  monitor  will  be  installed  to  monitor 
profiles  in  the  middle  of  the  beamline,  in  the  front  and 
back  of  the  scanning  magnets  to  compare  beam  profile 
and  position  changes  across  the  magnets.  The  beam 
profile  monitor,  BPM-NEC83,  has  an  effective  scanning 
area  of  7diameter  with  1mm  diameter  Mo-wire. 

Irradiation  Chamber 

Irradiation  chamber  has  a  pumping  port,  movable  target 
stage,  detector,  etc.  To  maintain  vacuum  pressure  in  the 
beamline  below  2310"^  torr,  TMP  of  800L/sec  pumping 
speed  will  be  installed  at  the  bottom  of  the  chamber.  To 
acquire  uniform  irradiation  performance,  the  target  stage 
has  been  designed  to  allow  applications  of  both  raster 
scanning  and  spiral  scanning  methods.  For  spiral  scanning 
method,  the  target  stage  has  been  designed  to  have  a 
rotational  movement  system.  For  more  accurate 
measurement  of  dose  rates  to  samples,  target  and  detector 
will  have  the  same  axis  of  beam.  Behind  target  stage,  a 
kind  of  2D  detector  with  high  spatial  resolution  will  be 
installed  to  measure  absorbed  dose  rates  to  samples  in  the 
radiobiological  experiments. 

20MEV  USER  FACILITY 

As  20MeV  user  facilities  of  the  PEFP,  3~4  beamlines 
will  be  attached  to  the  main  proton  linac.  The  facility  for 
radio  biological  and  space  experiments  will  comprise 
scanning  magnets  (wobbler  magnets  or  raster  scanning 
magnets),  a  scattering  foil,  a  beam  monitor,  an  energy 
degrader,  a  modulator,  a  collimator  and  a  sample  changer. 
The  window  material  of  the  vacuum  chamber  for  the 
external  beam  will  be  50|xm  Kapton  or  aluminium  film  of 
50mm  diameter.  In  order  to  obtain  a  uniform  irradiation 
field,  the  scanning  magnets  and  a  scattering  foil  of  Au 
with  high  Z-number  will  be  used.  An  energy  degrader  will 
be  used  to  change  LET  at  irradiation  site  through  reducing 
proton  beam  energy.  A  modulator  will  be  used  to  make  a 
spread-out  Bragg  peak.  Conceptual  design  of  20MeV 
beamline  is  shown  in  Fig.  3 

A  petri  dish  has  been  designed  for  radio  biological 
experiments.  Stopping  power  and  lateral  straggling  of 
proton  beam  upon  thickness  of  window  material  was 
calculated  with  TRIM  code.  The  calculation  results  were 
illustrated  in  Table  1.  The  window  material  was  decided 
20pm  thick  Kapton  film.  Inner  volume  of  the  dish  is 
80mm(|)335mm  and  the  wall  thickness  is  4mm.  It  will  be 
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Figure  3:  Conceptual  design  of  20MeV  beamline  for  radio  biological  experiments. 


applied  to  the  experiments  for  developing  new  genetic 
resources  using  proton  beam  irradiation. 


Table  1 :  TRIM  code  calculation  results 


Material 

Stoppimg 

Power 

[keV/pml 

Ion 

Range 

[mm] 

Lateral 

straggling 

[A] 

Kapton 

3.485 

3.17 

84.58 

Mylar 

3.463 

3.19 

85.04 

Polystylene 

2.779 

3.96 

96.42 

CONCLUSIONS 

Demand  survey  for  user  facilities  has  been  carried  out 
and  17  researchers  who  participate  in  the  PEFP  replied  to 
it.  On  the  basis  of  the  survey  results,  6MeV  test  facility 
for  the  pilot  studies  of  proton  beam  utilization  technology 
development  at  the  PEFP  has  been  designed  and  will  be 
installed  at  3MV  tandem  accelerator  in  SNU.  The 
magnetic  characteristics  of  scanning  magnets  of  6MeV 


beamline  have  been  performed  with  60Hz  sine  wave 
power  supply.  To  improve  irradiation  uniformity,  a  new 
AC  power  supply  of  2~10Hz  will  be  added.  Conceptual 
design  of  20MeV  beamline  especially  for  radio  biological 
and  space  radiation  experiments  has  been  performed. 
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Abstract 

The  report  presents  design  and  simulated  performances 
of  the  S-band  electron  bunching  system  based  on  coupled 
cavity  chain  in  which  the  on-axis  field  amplitude 
changing  substantially  from  the  cell  to  the  cell.  For 
realization  of  such  field  distribution  the  operating 
frequency  of  the  bunching  system,  which  is  close  to  the 
eigen  frequency  of  the  last  cell,  is  higher  than  frequency 
of  the  “ti”  mode  of  the  rest  part  of  the  bunching  system. 
Cell  lengths  are  chosen  in  the  way  to  get  the  effective 
bunching  and  accelerating  of  the  beam  from  the  initial 
energy  of  25  keV  to  the  energy  about  1  MeV  with  the 
current  of  300  mA.  The  bunching  system  can  be  used  in 
electron  linacs  both  for  fundamental  researches  and  for 
radiation  technologies. 

INTRODUCTION 

An  injector  substantially  defines  beam  characteristics  on 
a  linac  exit.  It  is  known,  that  the  increasing  of  amplitude 
of  an  accelerating  field  on  the  initial  stage  of  acceleration 
when  phase  motion  of  particles  is  not  frozen  allows 
receiving  small  phase  length  of  bunches  at  low  energy 
spread  [1].  Punchers,  which  use  such  principle,  are 
described,  for  example,  in  [2-4].  Resonant  systems  of  the 
first  and  the  second  of  them  are  a  section  of  non-uniform 
biperiodic  waveguide  with  magnetic  coupling  and  the 
third  one  uses  the  section  of  non-uniform  dick  loaded 
waveguide  (DLW)  with  the  large  attenuation  of  a  counter- 
propagating  wave.  In  [5,6]  it  was  offered  to  use  for  this 
purpose  a  section  of  homogeneous  DLW  exited  on  the 
frequency  that  lies  beyond  the  pass-band  of  corresponding 
infinite  waveguide.  Simulations  of  longitudinal  motion  of 
particles  with  the  self-consisted  model  of  the  weakly 
coupled  cavities  [5,6]  has  shown  that  such  system 
consisting  of  five  cells  is  able  to  group  low- voltage  (25 
keV)  beam  and  to  accelerate  it  up  to  energy,  sufficient  for 
injection  in  accelerating  section  with  constant  phase 
velocity.  Besides,  it  was  shown,  that  in  such  buncher  at 
beam  loading  up  to  1.5  A  the  field  distribution  does  not 
change  substantially.  Therefore  to  simulate  particle 
dynamics  in  the  steady  state  mode  it  is  possible  to  run  the 
PARMELA  program  [7]  using  field  distribution  obtained 
with  a  SUPERFISH  group  of  codes  [8].  Intensive  study  of 
beam  dynamics  in  the  bunching  system  showed  that 
longitudinal  and  transversal  motion  of  particles  is 
complicated.  In  particular,  at  the  large  change  of  energy 
of  particles  (from  25  keV  to  1  MeV)  the  efficiency  of 
homogeneous  structure  decreases.  Besides,  on  the  initial 
stage  of  bunching  policies  undergo  defocusing  action  of 
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a  RF  field  that  imposes  requirements  on  the  transverse 
characteristics  of  an  input  beam.  Development  of  a 
buncher  on  the  basis  of  a  section  of  inhomogeneous  DLW 
excited  in  a  stop-band  was  the  result  of  carried  out 
researches.  Design  of  the  buncher,  simulated 
performances  of  an  output  beam  as  well  as  measured  on- 
axis  field  distribution  of  a  buncher  prototype  for  “cold” 
tests  are  presented  below. 

DESIGN  AND  CHARACTERISTICS  OF 
THE  BUNCHER 

The  buncher  consists  of  a  chain  of  five  coupled  cavities. 
The  coupling  of  cavities  implemented  through  central 
holes  for  beam  passing.  The  sizes  of  the  holes  were 
selected  equal  each  other.  For  realization  of  required  on- 
axis  field  distribution,  the  operation  frequency  of  a 
buncher,  which  was  close  to  the  eigen  frequency  of  the 
last  cell,  was  selected  higher  than  the  frequency  of  the  "ti" 
mode  of  oscillations  of  a  remaining  part  of  the  buncher.  In 
this  case  the  phase  advance  of  a  field  on  a  cell  remained 
equal  7i. 

The  preliminary  calculations  of  the  bunching  system 
were  made  on  the  basis  of  self-consistent  model  of 
weakly  coupled  cavities.  Further  simulation  of  the  system 
was  carried  out  with  SUPERFISH  and  PARMELA 
programs.  To  do  so  the  configuration  of  a  resonant  system 
obtained  as  a  result  of  preliminary  calculations,  was  some 
changed  in  view  of  finite  width  of  disks  and  fringing 
fields  on  an  entrance  and  an  exit  of  the  buncher  that  were 
not  taken  into  account  in  the  preliminary  calculations. 

As  the  buncher  is  intended  for  bunching  and 
accelerating  of  a  unmodulated  beam,  to  take  space  charge 
forces  correctly  the  input  beam  was  represented  by  bunch 
with  length  of  5jSA,  where  P  is  initial  relative  speed  of 
particles,  A  is  operating  wavelength.  The  calculations 
were  conducted  for  an  electron  beam  with  initial  energy 
of  25  keV  and  current  about  300  mA. 

The  purpose  of  calculations  and  simulations  was  the 
definition  of  lengths  of  the  first  and  the  last  cells 
providing  the  required  characteristic  of  a  beam.  The 
period  of  cells  located  between  the  first  one  and  the  last 
one  were  chosen  equal  to  0.22  A  according  to  the 
preliminary  calculations.  Such  choice  was  stipulated  by 
rather  simple  adjustment  of  a  resonant  system  in  this  case. 

To  reduce  influence  of  a  space  charge  on  a  transversal 
emittance,  the  electron  gun  should  be  placed  close  to  the 
bunching  system  as  much  as  possible.  Therefore  in  the 
developed  buncher  the  inlet  opening  for  injection  of  a 
beam  i s  an  anode  of  the  gun.  Estimation s  with 
approximation  of  a  laminar  flow  on  the  base  of  a 
technique  [9]  without  taking  into  account  action  of  a  RF 
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field  on  particle  motion  have  shown  that  the  transporting 
of  a  beam  on  necessary  distance  can  be  carried  out 
without  application  of  magnetic  lenses.  However,  for  the 
implementation  of  calculated  parameters  of  a  beam  it 
would  be  required  to  increase  diameter  of  a  focusing 
electrode  of  a  gun  excessively.  Besides,  as  simulations  of 
particle  dynamics  in  a  buncher  showed,  small  radius  of  a 
beam  in  a  waist  in  this  case  increases  value  of  phase 
width  of  bunches  because  of  influence  of  space  charge 
forces.  It  has  forced  us  to  refuse  optimum  conditions  of 
transportation  and  to  accept  the  conciliatory  solution 
taking  into  account  features  of  longitudinal  motion  of 
electrons  in  the  buncher  and  technical  feasibilities  of  gun 
manufacturing.  The  final  solution  was  found  by 
successive  running  the  EGUN  [10]  and  the  PARMELA 
codes.  The  computational  parameters  of  the  gun  and 
characteristic  of  a  beam  without  taking  into  account 
influence  of  a  RF  field  are  listed  in  Table  1. 


Table  1:  Computational  parameters  of  a  gun  and 
characteristic  of  a  beam 


Parameter 

Value 

Units 

Cathode  voltage 

-25 

kV 

Cathode  radius 

2.5 

mm 

Normalize  beam  emittance  (la) 

4.1 

7C-mm*mrad 

Distance  from  the  front  cut  of  the 
anode  aperture  to  the  beam  waist 

40 

mm 

The  beam  radius  in  the  waist 

1.2 

mm 

Beam  current 

0.3 

A 

As  a  result  of  the  carried  out  researches  of  particle 
dynamics  in  the  buncher  the  optimum  distribution  of  an 
on -axis  field  for  a  case  when  three  middle  cells  have  the 
identical  sizes  was  determined.  This  distribution  is  shown 
in  Fig.  1  by  continuous  line.  Fig.  2  shows  the  simplified 
view  of  the  buncher  designed  on  the  base  of  simulations. 
Buncher  characteristics  and  characteristics  of  a  beam  on  it 
exit  are  listed  in  Table  2.  Fig.  3  shows  phase  and  energy 
spectra,  emittance  and  transversal  profile  of  a  beam.  It  can 
be  seen,  that  the  designed  buncher  can  be  utilized  in 
linacs  both  for  fundamental  researches  and  for  radiating 
technologies. 


Figure  1:  Distribution  of  on-axis  field  amplitude: 
calculated  and  measured. 


Figure  2:  Simplified  view  of  the  buncher  (1  -  cooling 
ducts;  2  -  resonant  system;  3  -  waveguide;  4  -  tuning 
unit). 

Table  2:  Characteristics  of  the  buncher 


Parameter  | 

Value 

Units 

2797.15 

MHz 

Quality  factor 

12300 

Power  losses  in  walls 

480 

kW 

Maximum  field  on  the  axis 

36 

MV/m 

Current  at  the  injector  output 

0.28 

A 

Normalize  emittance  (la) 

18 

TC-mm-mrad 

A(p  (for  70  %  of  particles) 

20 

deg 

AWAV  (for  70  %  of  particles) 

7 

% 

Capture  coefficient 

93 

% 

Average  energy 

767 

keV 

Maximum  energy 

863 

keV 

Beam  0  (for  70  %  of 
particles) 

3 

mm 

4ct,.v 

6^8  r'  '  1  1  ■■  L  ^ - 

3.9 

^7'"'  ■ 

mm 

0  420  840  1260  1680  -0.5  .0.25  0  0  25  05 

Energy,  keV.  X.  cm. 


Figure  3:  Beam  characteristic  on  an  exit  of  the  buncher. 

One  of  the  important  stages  of  a  buncher  creation  was 
the  development  of  a  technique  of  adjusting  of  a  resonant 
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system  for  obtaining  necessary  distribution  of  the  on-axis 
field  on  an  operating  frequency.  With  this  purpose  the 
prototype  of  a  resonant  system  for  "cold"  measurements 
was  manufactured  and  adjusted.  The  technique  of  the 
adjusting  consists  in  following.  At  first  the  frequency  of 
the  mode  of  a  homogeneous  segment  of  the  system 
(cells  number  two,  three  and  four)  was  found  by  the 
SUPERFISH.  Then  the  stack  of  three  identical  cavities, 
restricted  with  cavities  of  half  length,  was  adjusted  to 
obtain  the  "71"  mode  on  this  frequency  taking  into  account 
frequency  shifts  due  to  brazing,  evacuating  and  difference 
between  the  operating  temperature  and  temperature,  at 
which  the  adjusting  is  carried  out.  The  cavities  were 
adjusted  by  lathe  boring  of  their  diameter  at  several  steps. 
After  each  step  the  distribution  of  the  on-axis  field  was 
checked  up  by  a  bead  pull  method.  If  it  was  necessary 
amplitudes  of  field  in  cavities  were  matching  by  the 
additional  boring  of  the  cavity  with  larger  amplitude. 
Then  the  first  half-length  cavity  of  the  stack  was  changed 
on  the  first  cavity  of  a  buncher  and  its  diameter  was 
adjusted  to  restore  the  frequency  of  the  "te"  mode  of  the 
stack.  After  that  the  last  half-length  cavity  was  swapped 
with  the  fifth  cavity  of  the  buncher.  By  changing  its  eigen 
frequency  the  stack  was  adjusted  on  the  operating 
frequency  of  2797.15  MHz  taking  into  account  the  above- 
mentioned  frequency  corrections.  In  such  way  the 
required  on-axis  field  distribution  on  operating  frequency 
was  obtained.  It  is  necessary  to  note,  that  the 
measurement  of  a  field  distribution  in  such  system  has 
some  distinctive  because  of  the  amplitude  in  the  fifth 
cavity  exceeds  more  than  100  times  its  value  in  the  first 
one,  so  the  bead  should  be  enough  big.  The  metal  cylinder 
with  diameter  of  4  mm  and  length  of  6  mm  was  used.  For 
measurements  the  technique  [11]  was  used,  which  allows 
determining  the  change  of  a  resonance  frequency  with  a 
relative  mean  square  error  of  6-10“^  at  a  loaded  quality  of 
a  cavity  about  10000.  Simulation  of  process  of 
measurement  with  the  SUPERFISH  showed  that  errors  of 
the  method  are  -13%  for  the  maximum  field  in  the  first 
cavity  and  -2,7%  for  that  in  the  last  one.  The  above- 
mentioned  errors  are  the  best  trade  between  ability  of 
apparatus  and  influence  of  the  bead  on  the  field 
distribution.  The  measured  on-axis  distribution  of  the 
field  amplitude  of  the  prototype  is  shown  in  Fig.  1  by 
points. 

Encouraged  with  good  performances  of  the  developed 
buncher  we  studied  possibility  of  further  improvement  of 
beam  characteristics  by  some  complicating  a  resonator 
system  of  the  buncher.  For  optimization  of  electron 
dynamics  in  the  buncher  it  is  necessary  to  change  length 
and  eigen  fi'equency  of  each  cavity  separately,  that, 
however,  will  not  cause  essential  change  of  the  design  of 
the  buncher.  Simulations  showed  that  it  is  possible  to  get 
bunches  with  phase  length  of  9°  and  relative  energy 
spread  of  5%  (for  70%  of  particles  in  bunch).  Transversal 
normalized  root  mean  square  emittance  of  a  beam  is  16 
7t*mm-mrad  in  this  case.  In  our  opinion,  the  injector  on  the 
basis  of  such  buncher  can  be  used  even  in  infrared  free 


electron  lasers.  However  it  is  necessary  to  mark,  that  the 
adjustment  of  the  resonant  system  will  be  more 
complicating  because  of  necessity  of  independent 
adjustment  of  each  cavity.  Now  a  technique  of  adjusting 
of  a  buncher  with  the  optimized  field  distribution  is  under 
development. 

CONCLUSION 

Being  based  on  results  of  research  of  electron  dynamics 
in  bunching  systems  on  evanescent  oscillations  with  self- 
consistent  model  of  weakly  coupled  cavities  as  well  as 
with  the  SUPERFISH,  PARMELA  and  EGUN  codes  the 
design  of  a  S-band  buncher  and  technique  of  its  adjusting 
were  developed.  The  buncher  effectively  forms  of 
electron  bunches  and  accelerates  them  from  initial  energy 
of  25  keV  to  energy  about  1  MeV  at  a  current  of  300  mA. 
The  buncher  can  be  used  in  electron  linacs  both  for 
fundamental  researches  and  for  radiation  technologies. 
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THE  PULSED  ELECTRON  ACCELERATOR 
FOR  RADIATION  TECHNOLOGIES 

S.  Korenev,  STERIS  Corporation,  Libertyville,  IL  60048,  USA 


Abstract 

The  design  of  pulsed  electron  accelerator  for  radiation 
technologies  is  considered  in  the  report.  The  pulsed 
electron  source  consists  from  pulsed  Marx  high  voltage 
generator,  vacuum  electron  source  with  explosive 
emission  cathode.  The  measurements  system  for  beam 
parameters  on  the  basis  of  PXI  system  with  high- 
performance  National  Instruments  components  and 
Lab  VIEW  is  described. 

INTRODUCTION 

The  radiation  technologies  include  different  directions 
for  treatment  of  materials  by  electron  beams,  photons  and 
X-rays.  At  last  time  the  main  focus  of  radiation 
technologies  was  made  in  the  next: 

•  the  modification  of  materials; 

•  the  food  irradiation; 

•  the  sterlization. 

The  progress  of  development  for  pulsed  electron 
accelerators  is  shown  new  ideas  in  this  technique.  The 
main  principles  of  design  for  low  energy  electron 
accelerators  for  applications  were  considered  in  papers 
[1,2].  The  main  advantage  of  pulsed  electron  accelerators 
is  the  high  efficiency  for  dissipation  of  energy  for  short 
time  in  irradiated  materials. 

This  paper  is  considered  a  compact  pulsed  electron 
accelerator  for  radiation  technologies. 

STRUCTURE  OF  PULSED  ELECTRON 
ACCELERATOR 

The  pulsed  electron  accelerator  consists  from  electron 
source  with  vacuum  chamber  and  pumping  vacuum 
system  and  high  voltages  pulsed  Marx  generator  see  Fig. 

1.  The  explosive  emission  cathodes  on  the  basis  of  carbon 
fiber  materials  [3]  and  carbon  nanotubes  [4]  are  used  in 
this  vacuum  diode.  The  two  Marx  generators  with  pulse 
duration  20  and  100  nsec  are  used  for  supply  of  electron 
source.  The  high  voltage  generators  have  synchronization 
with  real-time  system  for  dose  measurements.  The 
variation  of  gas  pressure  for  gas  sparks  allows  to  have 
regulation  of  value  of  accelerating  voltage  in  wide  range. 
Induction  elements  for  charging  and  discharging  circuits 
in  one  Marx  generator  allow  to  increase  repletion  of 
pulses  with  flow  gas  to  till  100  Hz  without  special 
requirements.. 

The  vacuum  chamber  manufactures  from  stainless  steel. 
The  pressure  of  residual  gas  in  vacuum  chamber  is  10‘^ 
Torr.  The  high  voltage  insulator  designed  on  the  basis  of 
new  technology  of  plastic  materials  from  INTECH 
Corporation.  The  nylon  insulator  with  central  metal 
electrode  has  good  vacuum  and  electrical  characteristics. 


Additional  vacuum  chamber  is  used  for  irradiation  of 
samples.  This  accelerator  has  additional  thin  Ti  foil 
window  for  output  electron  beam  from  vacuum  chamber 
to  air. 

The  diagnostic  for  electron  beam  is  included  the  current 
transformer  (Rogowski  Coils)  and  Faraday  Cups  with  low 
induction  current  shunts.  High  resistive  dividers  are  used 
for  measurements  of  acceleration  and  charging  voltage. 
The  block-diagram  for  measurement  system  on  basis  of 
PXI-1025  is  given  on  Fig.  2,3.  The  switch,  scope  and 
Lab  VIEW  6. 1 .  from  National  Instruments  were  used  for 
design  of  this  system.  This  system  allows  to  have 
measurements  of  stability  beam  current  and  accelerating 
voltage  (kinetic  energy  of  electrons)  in  real-time  with 
following  printed  protocol.  Other  variant  of 
measurements  of  this  measurement  system  permits  the 
measurements  the  charge  of  ions  from  cathode  plasma. 
Last  more  important  for  detail  turning  of  plasma  cathode 
with  explosive  electron  emission. 

X-rays  target  [5]  presents  the  structure  from  A1 
substrate  and  deposited  layer  (target)  of  material  with 
high  atomic  number  (Ta,  W,  Au).  The  thickness  of  target 
is  10-75  microns.  The  magnetron  method  deposition  of 
large  thickness  of  target  coating  (more  20  microns)  has 
place  on  the  surface  of  substrate  with  roughness.  This 
construction  of  X-rays  target  allows  to  have  clear  X-rays 
beam  without  electrons. 

MAIN  PARAMETERS  AND 
CHARACTERISTICS  OF  ACCELERATOR 

The  main  parameters  of  electron  accelerator  are  next: 

1 .  Kinetic  energy . 100-400  keV. 

2.  Beam  current . 10  -  1000  A. 

3.  Beam  pulse  duration . 20  and  100  nsec. 

4.  Repetition . 0.01  -  100  Hz. 

The  optimal  thickness  Lopt  of  an  irradiated  product  is 
determined  by  this  distribution.  The  thickness  of 
irradiated  product  is  0.05  —  20  mm  for  many  materials 
with  density  0.1  —  2.0  g/cc  and  kinetic  energy  of  electrons 
1 20  —  400  keV .  The  level  of  absorbed  doses  for  materials 
with  same  thickness  is  about  50  -  200  kGy/pulse. 

The  dose  distribution  for  this  electron  source  is 
presented  on  Fig.  4.  This  dose  distribution  shows  the  high 
homogeneous  of  absorbed  doses  and  high  homogeneous 
of  current  density  for  electron  beam. 

CONCLUSION 

The  pulsed  electron  accelerator  with  considered 
parameters  can  be  used  for  broad  directions  of  radiation 
technologies. 
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Figure  1:  The  structure  of  electron  accelerator 


Figure  2:  The  block  diagram  for  system  of  beam  measurement. 
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THE  REAL-TIME  SYSTEM  ELECTRON  BEAM  DOSE  MEASUREMENTS 
FOR  INDUSTRIAL  ACCELERATORS 

S.  Korenev,  STERIS  CORPORATION,  Libertyville,  IL  60048,  USA 
I.  Korenev,  Northern  Illinois  University,  DeKalb,  IL  601 15,USA 


Abstract 

The  real-time  system  for  electron  beam  dose 
measurements  for  industrial  accelerators  is  considered  in  the 
report.  The  system  is  acceptable  for  all  types  of  industrial 
and  research  accelerators:  CW,  DC,  RF  LINAC  and 
PULSED  HIGH  CURRENT.  The  main  concept  consists  in 
the  measurements  of  beam  parameters  using  partial 
absorption  effect  and  mathematical  treatment  of  signals  from 
sensors.  The  2  modes  of  operation  can  be  used  for  this 
system:  manual  and  full  automation.  The  manual  mode 
includes  simple  measurements  of  signals  from  sensors  by 
oscilloscope  with  following  treatment  using  simple  software. 
The  second  mode  is  used  LABView  6.1.  for  measurements, 
treatment  of  signals  and  presentation  on  screen  PXI-1025 
with  printed  protocol.  The  system  was  tested  on  the  pulsed 
electron  accelerator  with  kinetic  energy  of  electron  400  keV 
and  on  the  CW  accelerator  “Rhodotron”  for  electron  with 
kinetic  energy  5  MeV.  This  system  allows  to  measure  the 
primary  kinetic  energy  of  electron  beam  before  product. 

INTRODUCTION 

The  Real-Time  (RT)  measurements  are  main  component 
for  physical  experiment  and  for  radiation  process.  The  RT 
measurement  of  absorbed  dose  in  irradiated  product  for 
industrial  accelerator  is  serious  problem.  The  standard  film 
dosimeter  routine  methods  [1,2]  are  difficult  for  using  with 
RT  measurements.  The  search  of  new  approaches  for 
solution  of  this  problem  is  very  important  at  present  time. 

The  new  method  of  RT  measurement  of  electron  beam 
absorbed  dose  on  the  basis  of  effect  for  partial  absorption  of 
electron  beam  in  foil  and  two  systems  for  realization  of  this 
method  is  considered  in  this  paper. 


METHOD 


The  main  concept  of  method  for  determination  of 
absorbed  dose  D  in  irradiated  product  is  based  on  the  main 
formula  [1]: 


Wu^ 


(1) 


where:  W  is  dissipated  (  deposited)  energy  in  the  irradiated 
product,  m  is  mass  of  this  product. 

The  determination  of  dissipated  energy  on  product  for 
electrons  we  suggested  to  use  measurements  of  kinetic 
energy  and  of  number  of  electrons  in  cross  section  of 
collimator.  The  energy  spectra  electrons  after  product 
determines  from  beam  current  measurements  on  the  basis  of 
effects  of  partial  absorption  of  electrons  in  foil  Fig.  1.  The 
mass  of  product  enters  to  (1). 

The  distribution  of  absorbed  doses  D  in  the  irradiated 
product  has  typical  distribution  on  the  Fig.  2. 


COLIMATOR  foil  ABSORBER 


E-BEAM 


Figure  1 :  The  general  principal  of  method. 


IRRADIATED 

PRODUCT 


Figure  2:  The  method  of  irradiation  and  distribution  of 
absorbed  doses  and  kinetic  energy  in  irradiated  product 


The  using  this  parameter  we  can  determine  the  optimal 
thickness  of  product  for  irradiation  (Figure  2). 


The  value  of  absorbed  dose  in  irradiated  product  is 
determined  by  formula  [  1  ] : 


D 


m  p  •  S  '  d 


(3) 
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where:  E  is  absorbed  energy,  m  is  mass  of  irradiated 
product,  Ek  -  kinetic  energy  (  accelerating  voltage),  I  is 
beam  current,  t  is  time  of  irradiation,  p  is  density  of 
irradiated  product,  S  is  cross  section  squire  of  irradiated 
product  and  dopt  is  thickness  of  this  product. 

The  kinetic  energy  E^  can  be  determines  by  simple 
formula: 

Ek~Eo  -  Ej^  (4) 

where:  Eq  is  primary  kinetic  energy  of  electrons,  Ei  is 
kinetic  energy  after  product,  (  see  Fig.  1 ). 

The  measurements  of  kinetic  energy  for  electron  beam 
after  product  can  be  used  for  determination  of  dissipated 
kinetic  energy  in  irradiated  product: 

Ej  =  E,  -1.6  -10  -N^  =  [J] 

The  absorbed  dose  D  can  be  calculated  in  this  case  by 
next  formula: 

A£[gK].1.6>10-‘^r>/1-Ar. 


The  effect  of  partial  absorption  of  electron  beam  in  foil 
was  used  for  measurements  of  energy  spectra  for  pulsed 
electron  beams  [3,4].  The  main  idea  of  this  method 
consists  in  the  measurements  of  factor  of  absorption  of 
electron  beam  in  thin  foils  using  the  current 
measurements.  The  factor  of  transmission  for  charge  of 
beam  can  be  calculated  from  well-known  dependence  [3]- 

Q  =  (6) 

where:  iL  is  mass  absorption  coefficient,  d  is  thickness 
P 

of  absorber. 


The  iL  determines  from  empirical  formula: 

P 

P  g 

where:  E  is  kinetic  energy  of  electrons  [MeV]. 

The  formula  for  determination  of  kinetic  energy  for 
electron  beam  before  absorber  after  product  is  next: 


E  = 


11  ^P’d 

Ini 

k 


^[MeVL 


(8) 


where:  d  is  thickness  of  absorber  (foil),  k  is  factor 
transmission  of  beam  current  in  foil  absorbed.  The  k  is 
ratio  of  beam  current  after  foil  absorber  (/;  )  and  beam 
current  {Iq)  before  foil  absorber: 


The  beam  current  or  number  of  electrons  determines  from 
beam  current  and  time  measurements. 


SYSTEM  DESCRIPTION 

The  2  variants  of  system  were  designed: 

1.  Manual  system  with  Tektronix  scope  with 
software  “MATGEN-2002”. 

2.  Automatic  system  on  the  basis  electronics  and 
Software  “STERIS  Dose  On-Line”  on  the  basis 
of  LabView  6.1. 

The  manual  system  includes  the  sensors,  Tektronix  scope 
with  manual  enter  data  from  sensors  to  computer  program 
“MATGEN-2002”. 

Automatic  system  includes  same  absorbed  beam  energy 
sensors,  measurement  instrumentation  electronics  based 
on  a  PXI-1025  Chassis:  PC,  switch  and  oscilloscope 
modules  from  National  Instrument,  Fig.  3. 

The  system  allows  working  with  all  types  of  electron 
accelerators: 

1 .  Direct  Current  Linear  Accelerator 

2.  Pulsed  Radio-Frequency  Linear  Accelerator. 

3.  Continuous  Wave  (CW)  Radio-Frequency 
Accelerator. 

4.  Pulsed  High  Current  Accelerator. 

The  program  can  perform  two  types  of  dose 
measurements  and  monitoring: 

a)  accumulated  dose  for  static  irradiation,  when 
conveyor  is  stopped  (Fig.  4); 

b)  current  dose  for  product  moving  on  conveyor. 
This  system  has  3  modes  of  operations  it  can  perform 
with  data  from  sensors  and  electron  beam  parameters: 

1 .  The  Real-Time  monitoring  of  absorbed  doses. 

2.  Calibration  of  primary  kinetic  energy  of  electron 
beam. 

3.  Calibration  of  sensors  with  an  external  pulse 
generator. 

In  addition  to  logging  measurement  results  to  a  file,  the 
developed  system  features  printing  a  protocol/log  of  the 
measured  absorbed  doses,  which  also  include  the  main 
information  about  the  beam  and  product  parameters. 

The  system  was  tested  with  good  results  on  the  2  types 
of  electron  accelerators: 

1.  CW  “Rhodotron”  Electron  Accelerator  with 
power  of  80  kW  and  beam  kinetic  energy  of  5 
MeV. 

2.  Pulsed  High  Current  Electron  Accelerator  with 
beam  current  of  1  kA  and  beam  kinetic  energy  of 
200-400  keV  and  pulse  duration  of  300  nsec. 


CONCLUSION 

The  considered  method  and  two  systems  can  be  used 
for  monitoring  of  absorbed  doses  for  the  radiation 
industry. 
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Electron 

Accelerator 


Figure  3:  The  block-diagram  of  real-time  electron  beam  absorbed  doses  monitoring  system. 
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Figure  4:  Monitoring  screen  for  accumulated 
dose  measurements. 
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TARGET  FOR  PRODUCTION  OF  X-RAYS 

S.  Korenev,  STERIS  Corporation,  Libertyville,  IL  60048,  USA 


Abstract 

The  patented  new  type  of  X-rays  target  is  considered  in 
the  report.  The  main  concept  of  the  target  consists  in  the 
sandwich  structure  of  deposited  coating  from  materials 
with  high  Z  on  the  substrate  with  low  Z,  high  thermal 
conductivity  and  high  thermal  stability.  The  target 
presents  multiply  layers  system.  The  thermal  conditions 
for  X-Rays  target  are  discussed.  The  experimental  results 
for  Ta  target  on  the  A1  and  Cu  substrates  are  presented. 
This  type  of  target  allows  improving  the  cooling  system. 


INTRODUCTION 

The  development  of  X-rays  target  technology  links 
with  high  progress  in  the  applications  of  electron  beams 
and  requirements  of  modem  technologies  on  the  basis  of 
X-rays.  The  main  reason  of  big  interest  to  x-rays  target  is 
large  depth  of  penetration  of  x-rays  to  condensed  matter 
in  comparison  with  electrons.  The  standard  X-rays  target 
presents  Ta  or  W  foil  with  cooling  plate.  The  optimal 
thickness  of  X-rays  target  can  be  calculate  from  empirical 
formula  for  electrons  with  kinetic  energy  1-10  MeV  [1]: 


^  _  0.89  •(£’-0.7)® 

^opl  ~  0,17 

p  •  z 


-[c/w] 


[1] 


where:  E  is  kinetic  energy  of  electron  [MeV],  p  is 
density  of  material  target  [g/cm^],  Z  is  atomic  number  of 
material  target. 

According  this  formula  we  can  see,  that  variation  of 
optimal  thickness  for  target  from  Ta  has  range  0.14  to 
0.93  mm  and  target  from  W  has  range  0.12  to  till  0.8  mm 
for  this  r^ge  kinetic  energy  of  electrons. 

The  conversion  factor  of  electrons  to  X-rays  is  small 
and  2.5  to  12%  for  Ta  target  for  kinetic  energy  of 
electrons  1  to  10  MeV.  For  kinetic  energy  of  electrons  0.1 
—1.0  MeV,  this  factor  is  low  and  has  range  approximately 
0.2  -2.5%  for  Ta  target.  The  computer  simulation  of 
absorbed  doses  for  this  range  of  thickness  of  target  shows, 
that  electron  beam  can  not  to  converse  to  X-rays  on  the 
100%.  The  comparison  of  these  data  allows  to  make 
conclusions,  that  two  factors  lead  to  partial  using  of 
electron  beam  and  after  target  we  have  electron  beam  with 
low  kinetic  energy  and  x-rays  with  broad  energy  spectra. 

The  other  problem  of  target  is  thermal  processes.  For 
low  factor  of  conversion  of  electron  beams  to  X-rays 
determines  big  dissipation  of  energy. 


For  example  for  kinetic  energy  1  MeV  for  Ta  target ,  the 
factor  of  conversion  is  about  2.5%.  The  present  of 
dissipated  energy  in  the  target  for  optimal  thickness  0.2 
mm  according  Monte-  Carlo  simulation  is  70%. 

For  average  power  of  beam  10  kW  we  have  dissipated 
power  in  the  target  is  about  7  kW.  The  cooling  conditions 
of  foil  target  are  difficult  and  main  problem  is  thermal 
contact  with  foil  (target)  and  cooling  plate. 

The  new  concept  for  design  of  target  for  produce  of  X- 
rays  was  suggested  in  U.S.A,  Patent  [2].  The  description 
of  this  concept  and  results  of  primary  tests  is  considered 
in  this  paper. 

CONCEPT  OF  X-RAYS  TARGET 

The  main  concept  of  new  X-rays  target  consists  in  the 
coating  from  material  with  high  atomic  number  on  the 
substrate  with  good  thermal  conductivity  and  low  atomic 
number.  The  variant  of  cooled  target  for  high  power 
accelerator  is  presented  on  Fig.l.  The  variant  of  target  for 
pulsed  accelerator  is  given  on  Fig.2. 


Substrate/cooled  plate 


Figure  1 :  The  target  for  high  power  beam. 


deposited  target 


^^lectron  beam ^ 


electrons 


x-rays 


Figure  2:  The  target  for  pulsed  beam 
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The  thickness  of  coating  depends  on  kinetic  energy  of 
electrons  and  according  (1)  is  presented  in  Table  1. 


Table  1: 


Kinetic  energy, 

Thickness  of  Ta 

Thickness  of  W 

MeV 

target,  mm 

target,  mm 

1.0 

0.14 

0.12 

2.0 

0.31 

0.27 

3.0 

0.43 

0.37 

4.0 

0.53 

0.46 

5.0 

0.614 

0.53 

6.0 

0.69 

0.61 

7.0 

0.759 

0.65 

8.0 

0.82 

0.71 

9.0 

0.88  1 

0.76 

10.0 

0.93 

0.80 

The  sandwich  multi-structure  of  target  is  shown  on  the 
Fig  3.  The  computer  simulation  of  propagation  of 
electrons  across  the  sandwich  target  gives  information 
about  full  dissipation  of  electron  beams  and  decreasing  of 
kinetic  energy  and  decreasing  the  kinetic  energy. 


Figure  3:  The  multi-layers  target. 

The  deposition  of  large  thickness  of  coating  presents 
complex  task  which  links  with  adhesion  of  large  thickness 
of  coating  with  substrate.  It  is  very  important  for  target  on 
the  kinetic  energy  of  electrons  more  1  MeV.  The  design 
of  X-rays  target  for  electron  with  kinetic  energy  100  - 
500  keV  is  very  simple,  because  the  thickness  of  target  is 
5-10  microns  from  Ta  or  W.  For  deposition  of  small 
thickness  of  target  can  be  used  all  standard  methods  of 
deposition  of  films:  Magnetron  spattering,  lased  ablation, 
electron  beam  evaporation,  cluster  deposition  using 
vacuum  ion  diode.  For  first  case,  the  preparation  of 
surface  for  deposition  consists  in  the  forming  roughness 
for  improving  of  adhesion  of  coatings  to  substrates.  The 
experimental  results  of  deposition  of  large  thickness  of 
coating  with  roughness  of  Ta,  W  coating  on  the  Cu,  A1 
substrates  shown,  that  this  effect  allows  to  improving  the 
adhesion  of  coating  to  substrate  and  improving  the 


thermal  contact  for  good  cooling.  The  deposition  of  large 
thickness  of  target  also  is  possible  by  nano-particles  spray 
method. 

EXPERIMENTAL  RESULTS 

The  few  samples  of  X-rays  Ta  target  with  thickness  10, 25 
and  600  microns  were  prepared  for  test  experiments.  The 
Ta  thin  foils  with  same  thickness  were  used  for 
comparison  of  data. 

The  test  experiments  were  conducted  on  the  2 
accelerators:  Pulsed  electron  accelerator  with  kinetic 
energy  of  electrons  200  -  400  keV,  and  Rhodotron  with  5 
MeV  beam  line. 

The  measurements  of  temperature  is  presented  on  Fig. 
5  from  Rhodotron  with  600  microns  targets.  The  simple 
experiments  with  nature  air  cooling  gave  results,  that 
gradient  of  temperature  lOO^C  for  power  of  beam  5  kW 
for  120  seconds  for  Ta  foil  target,  and  same  gradient 
temperature  was  received  for  450  seconds.  These 
experiments  didn’t  use  the  water  cooling.  The  simulation 
of  water  cooling  of  target  shown  decreasing  of 
requirements  for  water  cooling  conditions. 

The  measurements  of  electron  components  with  electrons 
and  x-rays  are  gave  very  important  information  about 
decreasing  of  value  of  electron  after  target  with  A1 
substrate  for  thickness  about  1-1.5  mm.  The  energy 
spectra  of  X-rays  is  wide  and  main  average  kinetic  energy 
of  x-rays  has  very  good  correlation  with  calculated  from 
empirical  formula  from  [3]. The  substrate  allows  to 
decrease  the  low  energy  X-rays.  Tthe  optimal  thickness  of 
A1  substrate  is  1 .25  mm  for  electron  with  kinetic  energy 
400  keV. 


CONCLUSION 

As  a  results  of  conducted  investigation  we  can  make  next 
conclusions: 

1 .  The  suggested  concept  of  X-rays  target  allows  to 
decrease  the  requirements  on  the  cooling  system. 

2.  This  target  is  very  easy  in  design. 

3.  This  target  with  substrate  allow  improving  the 
energy  spectra  of  X-rays. 
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SIMULATION  TOOL  FOR  SCANNING  X-RAY  BEAMS  IRRADIATOR 


V.  T.Lazurik,  V.  M.  Lazurik,  G.  F.Popov,  Yu.V.Rogov 
Kharkov  National  University,  P.O.  Box  60,  61052  Kharkov,  Ukraine 


Abstract 

X-ray  (bremsstrahlung)  produced  by  high-power 
electron  accelerators  are  intensively  used  in  different 
radiation  technologies.  An  electron  accelerator,  a  scanner, 
an  X-ray  converter  with  cooling  system,  a  conveyor  line 
or  a  turntable  chamber,  an  irradiated  product  and  a 
package  are  the  major  components  of  the  radiation 
technological  lines  (RTL)  for  X-ray  irradiator.  The 
detailed  physical  and  geometrical  models  of  the  X-ray 
irradiator  were  realized  in  the  form  of  new  mathematical 
software  of  the  "XR-Soft".  The  program  XR-Soft  was 
designed  specially  for  simulation  of  industrial  radiation 
processes  and  calculation  of  the  absorbed  dose  and 
temperature  distribution  within  products  irradiated  by 
scanning  X-ray  beams  on  industrial  RTL  that  is  based  on 
the  pulsed  or  continuous  type  of  electron  accelerators  in 
the  energy  range  from  0.1  to  50  MeV.  The  motivation 
for  the  development  of  the  program  XR-Soft  is  the 
creation  of  accurate  and  easily  accessible  tool  for 
prediction  of  the  absorbed  dose  distribution  within 
irradiated  materials,  for  optimization  of  the  irradiation 
regimes  of  radiation  facility,  and  for  reducing  of 
experimental  routine  dosimetric  measurements  in  X-ray 
processing. 


1  INTRODUCTION 

The  conception  of  the  Radiation-Technological 
Office  (RT-Office)  was  developed  by  authors.  RT- 
Office  realize  computer  technologies  at  all  stages  of 
works  execution  on  the  RTL  for  electron  beam  (EB), 
X-ray  and  y-ray  processing.  It  is  beginning  with  the 
expertise  of  the  consumer  order  for  scientifically-justified 
definition  of  the  requirements  and  conditions  for 
realization  of  an  irradiating  arid  ending  with  a  provision 
of  argued  report  on  the  fulfilled  work. 

The  RT-Office  is  the  common  program  shell  which 
provides  flexible  intellectual  interaction  between 
specialized  modules  and  databases  for  optimal  planning 
of  the  process  of  an  irradiating  and  control  of  its 
realization.  Simulation  and  calculation  modules  of  the 
RT-Office  are  the  basis  for  construction  of  the  specialized 
software  for  EB,  X-ray  and  y-ray  processing  [1,2,3]. 

The  modules  structure,  geometrical  and  physical  models 
of  the  X-ray  irradiator  for  the  program  XR-soft  that  was 
constructed  from  the  RT-Office  modules  and  is  intended 
for  simulation  of  X-ray  processing  are  considered  in  the 
paper  more  closely. 

2  XR-SOFT  STRUCTURE 

Two  geometrical  models  for  X-ray  irradiators  that  were 
used  for  simulation  X-ray  processing  are  shown  in  Fig.l 


and  Fig.2.  The  first  X-ray  irradiator  includes  an  electron 
accelerator,  a  scanner  of  electron  beam,  an  X-ray 
converter  with  cooling  system,  and  an  irradiated  product 
with  packaging  on  moving  conveyor  (Fig.l).  The  second 
one  includes  an  irradiated  product  placed  in  turntable 
cylindrical  chamber  that  is  rotating  in  front  of  the  X-ray 
beam  (Fig.2). 


Elsctron 


Figure  1.  Scheme  of  radiation  facility  with  X-ray 
converter  for  triangular-shaped  scan  horn  and  moving 
conveyor. 


Window  end 
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Figure  2.  Scheme  for  X-ray  irradiator  with  turntable 
loading  chamber  and  non-diverging  (parallel  ray)  EB. 


The  self-consistent  physical  models  relatively  each 
geometrical  models  of  the  X-ray  irradiator  were 
constructed  on  the  base  of  the  RT-Office  simulation  and 
calculation  modules. 

These  modules  are  the  following: 
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•  Monte  Carlo  simulation  of  dose  distribution  for  electron 
beam  into  heterogeneous  targets. 

•  Monte  Carlo  simulation  of  electron-photon  shower  in 
X-ray  converter. 

•  Monte  Carlo  simulation  of  dose  distribution  into 
heterogeneous  targets  irradiated  by  X-ray  beam  on 
moving  conveyor. 

•  Monte  Carlo  simulation  of  dose  distribution  for 
cylindrical  turntable  target  irradiated  by  X-ray  beam. 

•  Calorimetry.  Calculation  of  spatial  distribution  of 
radiation-induced  temperature  and  analytical  estimations 
of  integral  characteristics  of  a  heat  transmission  for 
process  of  cooling  of  the  irradiated  products  in  a 
thermostable  environment. 

•  Comparison.  Methods  of  mathematical  physics  for 
handling  and  comparative  analysis  of  depth  dose  curves 
obtained  by  different  calculation  and  experimental 
methods. 

•  Dosimetry.  Specialized  tool  for  loading  and 
processing  of  experimental  dosimetric  data  and  their 
transmission  to  the  Comparison  module. 

•  RTL  configuration.  Loading  and  saving  of  the 
operational  characteristics  for  RTL  facility. 

•  Wizard  for  control  and  validation  of  input  data  for 
working  regimes  of  RTL. 

•  Cognitive  visualization  of  results  for  2-dimensional 
(2-D)  and  3-D  view  of  dose  distribution. 

•  The  processing  technologies  database  for  equipment 
characteristics  and  objects  used  in  radiation  technologies. 

Simulation  of  X-ray  dose  mapping  in  irradiated  target 
materials  was  conducted  by  Monte  Carlo  method  in 
2-D  model.  The  2-D  dose  distribution  in  the  target 
irradiated  by  X-ray  beam  on  moving  conveyer  is 
represented  as  function  of  two  coordinates  -  of  the  target 
depth  (axis  X)  and  the  target  width  along  scan  direction 
(axis  Y).  The  2-D  dose  distribution  into  cylindrical 
turntable  target  is  represented  as  function  of  the  target 
radius  (axis  X)  and  the  target  height  (width)  along  scan 
direction  (axis  Y).  Such  conditions  are  realized  in  many 
practical  cases  for  X-ray  beam  processing. 

Features  of  realization  of  a  physical  model  for  X-ray 
processing  are  the  following: 

•  The  use  of  a  forced  method  for  process  of  producing 
X-ray  on  each  step  of  design  of  electron  track  in  a 
construction  of  the  X-ray  converter. 

•  The  automatic  choice  of  self-consistent  parameters  is 
used  for  simulation  of  an  electron  -  photon  shower.  The 
choice  is  based  on  determination  a  minimum  machine 
time  for  obtaining  given  accuracy.  These  parameters 
are  the  following:  cutoff  energy  for  modeling  of  an 
electron  track,  threshold  energy  of  catastrophic 
electron-electron  collisions,  cutoff  energy  for  modeling 
of  a  photon  track,  threshold  angle  of  grouping  electron 
collisions  for  modeling  of  scattering. 

•  The  use  of  both  a  simple  estimation  (collision  method) 
and  the  special  estimation  (method  of  crossing  area)  for 
the  dose  calculation. 


These  features  allow  to  reduce  the  running  time  of 
Monte  Carlo  simulation  for  receiving  of  the  end  results  in 
about  hundreds  time.  The  program  XR-Soft  takes  into 
account  in  detail  a  construction  of  the  RTL  and 
requirements  to  regimes  of  irradiation  in  each  specific 
radiation-technological  process. 

3  SIMULATION  OF  X-RAY  DOSE 
MAPPING 

The  processing  rate  and  X-ray  absorbed  dose 
distribution  within  of  the  irradiated  materials  depend  on 
a  lot  of  parameters  of  the  radiation  facility  of  RTL  and 
characteristics  of  target  material.  Input  data  for  the 
program  XR-Soft  are  the  following:  Parameters  of 
electron  beam:  average  beam  current,  or  pulse  duration 
and  repetition  frequency  in  pulsed  accelerators,  electron 
spectrum,  beam  diameter  and  spatial  distribution  of  the 
beam  intensity.  Parameters  of  scanning  system:  modes  of 
operation,  the  triangular  or  non-diverging  irradiation 
treatment  field  in  target  material;  form  of  current  in 
magnet  of  scanning  system;  repetition  frequency  of 
scanning;  angular  distribution  of  electron  beam  at  the 
outlet  of  a  scanning  system;  parameters  of  the  exit 
window  for  electron  beam.  Parameters  of  the  X-ray 
converter  with  cooling  system:  geometrical  characteristics 
of  the  X-ray  converter  with  cooling  system,  thickness  of 
plates  (layers)  and  cooling  agent,  materials  composition, 
distance  between  exit  window  and  X-ray  converter. 
Parameters  of  conveyor  line:  speed  and  geometrical 
characteristics  of  the  line.  Parameters  of  irradiated 
product:  geometrical  characteristics  of  the  irradiated 

product;  elemental  composition  of  the  target;  material 
and  size  of  the  covering  for  irradiated  product.  Regimes 
of  target  irradiation:  one-,  two-sided  irradiation  on 
moving  conveyer,  and  irradiation  of  turning  target. 

For  searching  optimum  solution,  the  program  XR-Soft 
calculates  and  represents  an  X-ray  energy  spectrum,  an 
absorbed  dose  distribution  within  irradiated  products,  a 
dose  imiformity  ratio,  an  optimum  product  thickness,  an 
X-ray  utilization  efficiency  in  the  irradiated  products,  an 
electron  beam  power  utilization,  and  other  important 
characteristics  for  economic  evaluation  of  X-ray 
processing. 

X-ray  dose  mapping  within  compound  (wood  of 
aspen  +  70%  polymethylmethacrylate  (PMMA))  with 
density  0.8  g/cm^  for  optimal  target  thickness  at  double¬ 
sided  irradiation  for  saw-tooth  and  special  forms  of 
current  in  scan  magnet  are  shown  in  Fig.  3  (a)  and  (b) 
respectively.  X-ray  beam  was  generated  by  scanning 
electron  beam  with  electron  energy  5  MeV  in  a  tantalum 
converter.  The  optimal  converter  construction  includes 
the  tantalum  target  plate  with  thickness  1.2  mm,  the 
cooling  water  channel  -  3mm  and  the  aluminum  backing 
plate  -  5.0  mm.  The  X-ray  yield  in  the  forward  direction 
for  5  MeV  electron  is  8.71%.  Regimes  irradiation: 
electron  beam  energy  -  5  MeV;  beam  current  -  1  mA; 
triangular  scanning;  width  of  target  -  100cm;  width  of 
scanning  -100cm;  conveyer  speed  -  Icm/s.  Target  has  not 
cover  box.  The  optimal  thickness  for  maximum  X-ray 
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power  utilization  is  38.5cm  relatively  of  dose  distribution 
at  the  center  of  a  target.  X-ray  beam  power  utilization 
in  this  case  is  58%. 


Figures  3  (a)  and  (b).  X-ray  dose  mapping  within 
compound  for  optimal  target  thickness  and  for  the  saw¬ 
tooth  form  of  current  (a)  and  the  special  form  of  current 
(b)  in  scan  magnet.  .  Statistical  deviations:  2.2  %  for 
center  target  and  2.5%  for  boundary  target.  (Running 
time  is  about  8  minutes  on  PC  AMD-K7,  750  MHz). 

For  each  product  to  be  treated  in  the  X-ray  irradiation 
facility,  there  will  usually  be  a  minimum  dose  limit 
to  obtain  the  desired  effect  and  a  maximum  dose 
limit  to  avoid  product  degradation.  As  is  seen 

from  Fig.  3(a),  the  X-ray  depth-dose  distribution  within 
compound  has  minimal  value  on  the  boundaries  of  a 
target  along  direction  of  the  scanning  X-ray  beam  and 
maximal  value  at  plane  that  cross  the  target  center.  From 
standpoint  of  the  dose  limits,  the  minimum  dose  limit 
must  be  chosen  as  a  minimum  dose  value 
bound  on  the  boundaries  of  an  irradiated  target,  the 
maximum  dose  limit  -  as  a  maximum  dose  value 

^max-center  in  the  target  center.  In  this  case  the  dose 
uniformity  ratio  will  be  determined  for  all  irradiated 
volume  as  DURy  = 

For  the  center  of  a  target  the  dose  uniformity  ratio 
DUR  =  Dmax/Dmin  IS  1.51.  For  the  target  boundary  the 
DUR  is  1.94.  The  value  DURy  is  2.91.  Significant  dose 
gradient  in  volume  of  irradiated  target  in  direction  of 
X-ray  scanning  can  be  decrease  by  the  choice  of  the 
special  shape  of  current  in  scan  magnet  [2,6].  By  the  use 
the  program  XR-Soft,  the  special  shape  of  current  in 
scan  magnet  which  provide  the  maximum  uniformity  for 
X-ray  dose  distribution  in  the  irradiated  compound  was 
determined  (see  Fig.  3(b)).  In  this  case  X-ray  beam 
power  utilization  is  53%  and  the  value  DURy  is  2.1  and 
also  is  greater  than  DUR  in  the  target  center. 

Further  decreasing  of  the  target  thickness  at  double 
sided  X-ray  treatment  results  in  decreasing  both  the 
value  DURy  and  the  X-ray  power  utilization.  For 
example,  for  compound  thickness  h=30cm  the  DURy  is 
2.0  for  saw-tooth  shape  of  current  and  the  DURy  is 
1 .6  for  the  special  shape  of  current  in  scan  magnet.  The 
X-ray  power  utilization  is  48%. 

Most  effectively  X-ray  processing  can  be  realized  by 
treatment  of  turning  loading  chamber  with  irradiated 
materials  which  is  placed  in  front  of  scanning  X-ray 
beams  [7].  In  this  case  at  given  value  DURy  an  optimal 


material  thickness  for  X-ray  processing  will  be  greater 
than  for  double-sided  irradiation.  The  program  XR-Soft 
allows  to  simulate  a  dose  mapping  in  turning  cylinder 
chamber  with  materials  irradiated  by  scanning  X-ray 
beam.  The  direction  of  scanning  X-ray  beam  is  in  parallel 
with  a  cylinder  axis.  For  above  compound  and  X-ray 
parameters,  for  the  value  DURy  =  1.54,  the  optimal 
thickness  (diameter)  for  the  treated  material  is  60  cm. 

The  testing  and  verification  of  the  results  simulated  by 
the  program  XR-Soft  were  carried  out  in  compare  with 
theoretical  calculated  data,  with  results  obtained  by  the 
universal  packages  such  as  ITS,  EGS4  and  PENELOPE, 
and  experimental  data  set  in  published  works  [4,5].  The 
comparison  investigations  indicated  that  the  developed 
physical  and  mathematical  models  are  reliable  and 
correct,  and  the  program  XR-Soft  is  accurate,  easily 
accessible  for  all  users  with  a  different  level  of 
background  in  an  area  of  computer  technologies. 

4  CONCLUSION 

X-ray  dose  mapping  must  be  conducted  with 
consideration  of  Ae  dose  non-uniformity  in  the  target 
center  as  well  as  on  the  boundaries  of  an  irradiated 
target  along  direction  of  the  scanning  X-ray  beam.  A 
non-uniformity  equalization  for  X-ray  dose  distribution 
along  a  direction  of  scanning  can  be  done  by  the  choice 
of  the  special  shape  of  current  in  scan  magnet,  with 
help  of  the  special  filters,  or  with  special  methods  of 
irradiation  [2].  As  a  minimum,  the  2-D  simulation  model 
for  X-ray  dose  mapping  must  be  used  for  correct 
analysis  of  the  optimum  product  thickness,  X-ray  power 
utilization,  max/min  dose  ratio,  and  X-ray  processing 
capacity.  The  program  XR-Soft  can  be  used  as  predictive 
tool  for  X-ray  dose  mapping,  for  determination  of 
location  D„i„  and  D„ax  in  target  irradiated  by  scanning 
X-ray  beams  on  RTL,  and  for  optimization  of  regimes 
X-ray  irradiation  to  receive  the  maximum  processing 
capacity  with  the  minimum  for  dose  uniformity  ratio. 
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Abstract 

Prime  task  for  orthopedists  and  traumatologists  is  the 
development  of  new  artificial  materials  for  replacement  of 
osseous  tissue  and  cartilage  defects,  for  functional 
rehabilitation  of  the  injured  locomotorium  tissue  after 
traumatic  fractures  and  surgical  interventions.  Electron 
beam  (EB)  processing  of  polymer  composites  with 
bioactive  ceramics  was  used  for  manufacture  of  new 
artificial  materials  for  orthopedic  implants.  Experimental 
approaches  and  problems  of  EB  processing  for 
composites  formation  are  discussed  in  the  paper. 


1  INTRODUCTION 

The  materials  for  reconstructive-restorative  surgery  of 
human  locomotor  ligaments  must  satisfy  severe 
conditions  about  impermissibility  of  carcinogenic, 
blastomogenic,  and  allergenic  effect  on  organism.  They 
have  not  to  be  toxic  or  electrolytically  active  ones.  Their 
mechanical  properties  must  correspond  to  those  for 
natural  osseous  tissue  and  cartilage.  They  have  to 
stimulate  the  process  of  osteogenesis. 

Now  there  is  no  artificial  materials  that  completely 
satisfy  all  demands  of  medicine.  The  mechanical 
properties  of  human  osseous  tissue  are  very  different  from 
those  of  inert  metal  alloys  currently  used  in  artificial 
joints.  This  large  mismatch  in  mechanical  properties 
causes  bone  resorption  or  loss  around  the  implant,  as 
well  as  loosening  of  the  artificial  joint  stem  in  the 
medullar  cavity.  Ultra  high-molecular  weight 
polyethylene  (UHMWPE)  used  as  a  substitute  for  gristle 
is  also  rigid,  it  is  not  of  sufficient  wear-resistance,  it  has 
little  adhesion  to  bone  cement,  that  causes  both  increasing 
of  volume  of  surgical  operations  and  decreasing  of  a 
service  life  of  the  product. 

All  previously  mentioned  puts  a  task  for  searching  of 
new  materials  for  replacement  of  natural  osseous  and 
gristle  tissues.  Polymeric  composites  with  bioactive 
ceramics  are  considered  as  the  most  appropriate 
candidates  to  this  role.  Our  investigations  deals  with 
research  and  engineering  studies  of  the  use  of  EB 
processing  of  artificial  materials  for  orthopedic  implants. 
The  investigations  were  performed  in  three  main  problem 
directions. 

•  Development  of  technological  methods  and  processes 
of  new  composite  materials  formation  for  osseous  tissue 
implants.  The  problem  is  the  receiving  of  materials 
which  have  to  possess  mechanical  and  operating 


characteristics  closed  to  those  of  natural  osseous  tissue 
and  cartilage. 

•  Development  of  composite  material  (CM)  for  elastic 
elements  of  prosthesis  that  are  simultaneously  the 
elements  of  friction  couple.  The  problems  are  the 
decreasing  the  friction  coefficient  in  artificial  joint  and 
reducing  the  wearing  rate  of  ultra  high-molecular  weight 
polyethylene  (UHMWPE)  construction  element  for 
endoprotheses. 

•  Radiation  induced  graft  copolymerization  of 
methylmethacrylate  (MMA)  monomer  on  surface  of 
UHMWPE  and  composites  based  on  it.  The  decided 
problem  is  the  increasing  adhesion  of  UHMWPE  to  bone 
cement. 


2  EB  PROCESSING  OF  COMPOSITES 

The  candidate  CMs  for  implants  were  designed  on  a 
basis  of  reinforced  polymers  by  various  fibers  and 
bioactive  ceramics,  which  were  treated  by  EB.  The 
radiation-induced  polymerization  was  fulfilled  in 
compounds  reinforced  with  various  fibers  such  as 
carbonic,  glassy,  nylon,  metallic  ones,  or  their  mixtures. 
As  binding  agents,  vinyl  monomers  and  oligomers, 
polyester  and  thermosetting  resins  were  used.  The 
following  monomers  and  oligomers  as  well  as  their 
mixtures  constitute  the  base  of  polymer  matrices:  MMA, 
ethyl  methacrylate,  butyl  methacrylate,  polyacril  acid, 
oligomers  on  the  base  of  unsaturated  polyesters  kind  of 
TGM-3,  PN-609-21M,  Palatal  A430,  as  well  as  the 
UHMWPE  powder. 

The  EB  irradiation  of  compounds  in  all  processes  was 
carried  out  by  pulsed  electron  accelerator  with  energy 
range  from  4  to  7  MeV,  beam  power  up  to  5  kW  and 
absorbed  dose  in  the  range  from  1  to  200  kGy  [1,2].  The 
spatial  profile  of  electron  beam  intensity  on  the  target 
surface  was  measured  by  an  one-dimensional  wire 
acoustic  dosimeter.  The  absorbed  dose  distribution  of 
electron  beam  into  compound  was  measured  by  one 
dosimetric  film  inserted  in  parallel  with  EB  between  two 
contacted  compounds.  An  equalization  of  electron  depth 
dose  distribution  into  one-  and  double  sided  irradiated 
compoimds  was  conducted  with  help  of  simulation  tools 
ModeRTL  [3].  To  provide  the  dose  distribution  with 
enhanced  uniformity  -  5  to  10%  special  semitransparent 
filters  for  beam  electrons  were  designed  [4].  These  filters 
partly  overlapped  the  electron  beam  directed  on  irradiated 
samples,  which  mixed  up  transversally  to  electron  beam 
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direction,  ^diation  treatments  and  subsequent 
postradiation  thermal  treatment  of  composite  materials 
were  carried  out  in  vacuum  or  in  argon  atmosphere.  The 
postradiation  treatment  of  polymer  composites  comprises 
artificial  aging  in  thermostat  at  temperatures  of  60  to 

160V. 

Detailed  research  of  the  radiation-induced  polymerizing 
kinetics  of  monomer/oligomer  systems  in  compounds  was 
performed  by  measuring  the  following  parameters:  the 
coefficient  of  conversion  K  of  monomer-oligomer 
system  in  compound,  the  temperature  increase  AT?  due  to 
radiation  induced  heating,  and  the  temperature  increase 
ATpx  due  to  heat  liberation  in  the  course  of  exothermic 
radiation-induced  by  reaction  of  polymerization.  The 
investigations  of  characteristics  K,  ATp,  ATpx  were 
performed  depending  on  electron  dose  rate,  absorbed  dose 
of  EB  in  compounds,  type  and  concentration  of 
reinforcing  .  elements  of  compound,  and  external 
conditions  of  irradiation  (temperature,  pressure, 
irradiation  environment  -vacuum,  air,  inert  gas). 

It  was  experimentally  shown: 

•  In  the  presence  of  reinforcing  elements,  the  reaction  of 
radiation-stimulated  polymerization  of  monomer- 
oligomeric  systems  in  compounds  flows  with  increased 
rate  as  compared  with  block  polymerization  of  pure 
monomers/oligomers. 

•  Molecular  mass  of  polymer  matrix  in  compound  is  in 
1.5  to  2  times  higher  as  compared  with  the  case  of  block 
polymerization. 

•  Integral  dose  to  be  necessary  for  full  completion  of 
compound  polymerization  is  in  1.5  to  4  times  less  as 
compared  with  the  case  of  block  polymerization. 

•  Process  of  radiation-induced  polymerization  is  easy 
controlled  and  regulated  by  selection  of  mode  of 
irradiation. 

The  technological  modes  of  polymer  composite 
materials  formation  were  experimentally  elaborated.  By 
varjang  either  the  composition  of  the  reinforcement  and 
matrix  polymer  and  EB  processing  regimes,  we  managed 
to  obtain  materials  with  modules  of  elasticity  ranging 
from  10  to  40  GPa,  bending  strength  200  MPa  and  more, 
compressive  strength  150  MPa  and  more,  which  satisfy 
the  strength  criteria  of  supporting  elements  of  joints. 
These  materials  were  experimentally  tested  as 
intraosseouse  fixative  devices. 

3  EB  PROCESSING  OF  UHMWPE 

At  present,  the  most  of  endoprotheses  are  using 
UHMWPE  and  metal  alloys  as  materials  for  friction 
couple.  Disadvantages  of  these  materials  are  more  high 
fnction  coefficient  of  hinged  couple  as  compared  with 
natural  joint  and  a  high  value  of  wearing  rate  of  elements 
made  of  UHMWPE.  The  wearing  debris  initiated  an 
osteolysis  which  leads  to  implant  loosening. 

The  production  technique  of  material  for  elastic 
elements  of  prostheses  to  be  simultaneously  the  elements 


of  friction  couples  was  elaborated.  Cylinder  and  plate 
samples  were  made  by  hot  molding  or  by  shaping  xmder 
pressure  of  UHMWPE  powder  (Tomsk,  Russia)  with" 
molecular  weight  distribution  2.5^.7  million 
grams/mole.  The  samples  were  made  of  pure  UHMWPE 
and  of  UHMWPE  reinforced  by  carbon,  glass  fiber,  cord, 
and  textile. 

The  radiation-induced  crosslinking  creates  a  3-D 
network  (gel  phase)  in  the  structure  of  UHMWPE  as  well 
as  it  is  accompanied  by  occurrence  of  long  term  free 
radicals  in  bulk  of  PE.  Free  radicals  can  lead  to 
destruction  of  UHMWPE  due  to  oxidation  processes 
which  reduce  the  molecular  weight  of  PE. 

To  reduce  free  radicals,  EB  processing  of  compound 
was  carried  out  by  two  methods.  In  the  first  method,  the 
radiation  crosslinking  of  end  samples  of  pure  UHMWPE 
and  of  UHMWPE  -  based  composite  was  conducted  by 
pulsed  EB,  followed  by  the  thermal  annealing  and  slow 
cooling.  In  the  second  one,  the  hot  samples  in  the 
temperature  range  100-160  were  treated  by  EB.  The 
radiation  treatment  of  compounds  was  conducted  by  EB 
with  energy  6  MeV  and  absorbed  dose  in  the  range  from 
1  to  300  kGy.  EB  processing  of  UHMWPE  was 
performed  in  vacuum,  in  medium  of  the  air  or  an  inert 
gas. 

Crosslink  density  was  determined  by  placing  irradiated 
samples  in  hot  xylene  and  measuring  of  gel  and  sole 
phases  as  well  as  by  the  use  of  Fourier  Transform 
Infrared  Spectroscopy  (FTIR)  technique  [5].  In 
accordance  with  FTIR  technique  crosslink  density  was 
measured  by  a  spectrophotometer  as  the  ratio  of  trans- 
vinylene  peak  area  at  965  cm‘^  to  the  irradiation  stable 
peak  area  at  2022  cm\  Presence  of  free  radicals  was 
determined  by  measuring  of  oxidation  index  as  the  ratio 
of  carbonyl  peak  area  at  1717  cm“^  to  the  stable  peak 
area  at  1370  cm"^ 

Wear  rate  was  investigated  on  a  stand  for  long-term 
examination  which  imitates  work  of  hip  joint.  A  fnction 
couple  consisting  of  a  spherical  insert  of  radiation- 
modified  composite  and  a  highly  polished  ball  of  stainless 
steel  with  diameter  32  mm  was  immersed  in  physiological 
solution  or  bovine  serum  and  worked  imder  cyclic  loading 
up  to  100  kg.  The  inserts  were  examined  on  wear  in 
cyclic  loading  in  the  range  of  5*10^-  3-10^  cycles  by 
gravimetric  method. 

The  investigations  of  variation  of  structural 
characteristics,  friction  coefficient,  wear  rate  of  polymer 
composite  materials  based  on  radiation  crosslinking 
UHMWPE  were  carried  out  depending  on  the  dose  rate 
and  an  absorbed  dose.  As  a  result  of  investigations  it  was 
shown,  that  the  minimum  of  oxidation  index  into 
irradiated  samples  is  observed  at  a  maximal  dose  rate  and 
respectively  at  minimal  irradiation  time.  The  minimum 
gravimetric  wear  rate  about  2  mg/(million  cycles)  and 
absence  of  free  radicals  had  the  pure  crosslinked 
UHMWPE,  which  was  irradiated  by  electron  dose  of  90 
to  120  kGy  at  sample  temperature  of  120  to  150  in 
vacuum  or  in  noble  gas  with  subsequent  thermal 
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annealing.  This  value  of  wear  rate  is  more  than  20  time 
less  in  comparison  with  unirradiated  samples. 

4  GRAFTING  OF  MMA  ON  UHMWPE 

In  restorative  surgery  of  joints  many  artificial  implants 
are  fixed  to  osseous  tissue  by  bone  cement.  The  basis  of 
composition  of  bone  cement  is  polymethylmethacrylate 
(PMMA)  or  other  acrylic  polymers.  Implants  from 
UHMWPE  to  be  also  used  in  restorative  surgery  have 
weak  adhesion  to  bone  cement.  For  increasing  adhesion 
of  UHMWPE  to  bone  cement,  the  investigation  and 
elaboration  of  operating  regimes  of  radiation  grafting  of 
MMA  monomer  on  surface  of  UHMWPE  samples  were 
performed. 

The  radiation  induced  graft  copolymerization  of  MMA 
was  carried  out  on  the  surface  of  UHMWPE  plates  to  be 
preliminarily  irradiated  by  6  MeV  EB  in  the  air  with 
subsequent  heating  in  contact  with  solution  of  MMA 
monomer  in  metihanol.  This  is  so-called  the  graft 
copolymerization  on  the  base  of  the  post-effect.  In  this 
case,  the  copolymerization  in  a  boundary  layer  on 
UHMWPE  surface  occurs  at  heating  due  to  radicals. 
These  ones  are  generated  in  the  course  of  decomposition 
of  peroxides  and  hydroperoxides  appearing  at  irradiation. 
To  prevent  homopolymerization  of  MMA  monomer, 
saline  Fe2S04  •  7  H2O  was  added  in  MMA  solution. 

The  values  of  degree  of  the  radiation  grafting 
Ti(mg/cm^)=(Pgr-Po)/Ssampie  Were  obtained  experimentally 
in  the  range  from  1  to  50  mg/cm^.  Where  Pgr  is  the 
weight  of  the  sample  with  grafted  MMA  after  irradiation, 
Po  is  the  weight  of  the  initial  sample  of  UHMWPE,  Ssampie 
is  the  full  area  of  UHMWPE  plate.  Free  radicals  were 
extracted  from  UHMWPE  plates  after  radiation  grafting 
by  artificial  aging  of  heated  samples. 

The  adhesion  properties  of  UHMWPE  samples  with 
radiation  induced  graft  copolymerization  of  MT^  were 
tested  by  measurement  of  tensile  bonding  strength 
between  UHMWPE  and  PMMA  samples,  which  were 
connected  together  by  bone  cement  "PALACOS  R”, 
GmbH  Germany.  The  bone  cement  "PALACOS  R"  on 
90%  consists  of  PMMA.  The  tensile  bonding  strength 
between  bone  cement  and  UHMWPE  samples  with 
radiation-induced  grafted  MMA  increased  up  to  80  time 
in  comparison  with  samples  without  radiation  grafting. 

One  of  the  features  of  new  composites  is  the  inclusion 
in  their  structure  of  biologically  active  ceramics  in  the 
form  of  powder  or  granules.  The  bioactive  ceramics  is 
introduced  into  a  composite  as  the  constituent  on  all 
volume  or  by  in  form  of  coatings.  Calcium  phosphate 
compounds  -  hydroxyapatite  (HA)  and  tricalcium 
phosphate  (TCP)  were  used  as  bioactive  ceramics.  HA 
and  TCP  are  the  basic  inorganic  components  of  the  hard 
tissues  of  an  organism.  HA  and  TCP  show  excellent 
biocompatibility  and  are  well  integrated  with  bone 
tissues  due  to  interactions  at  the  interface  and  growing  of 
new  tissues  into  its  pore  structure.  The  inclusion  of 
biologically  active  ceramics  in  structure  of  composites 
leads  to  effective  osteointegration  of  composite  material 


with  living  tissue  and  creation  of  firm  biomechanical 
interface. 

All  new  composite  materials  were  in  vitro  and  in  vivo 
examined  on  biocompatibility,  cytotoxicity  and 
carcinogenicity.  For  these  purposes,  an  express  method 
of  cultivation  of  cellular  cultxire  was  used.  The 
osteointegration  of  composite  materials  with  living  tissue, 
the  process  of  bone  tissue  formation  on  the  surface  and 
into  composite  materials  were  investigated  on  small 
animals  -  rats  and  rabbits. 

5  CONCLUSION 

EB  processing  was  used  for  radiation  modification  and 
manufacture  of  new  CMs  for  orthopedic  implants.  CMs 
were  made  on  a  basis  of  reinforced  polymers  by 
various  fibers  and  bioactive  ceramics.  CMs  with 
modules  of  elasticity  ranging  from  10  to  40  GPa, 
bending  strength  200  MPa  and  more,  compressive 
strength  150  MPa  and  more  which  satisfy  the  strength 
criteria  of  supporting  elements  of  joints  were  designed. 
The  wear  rate  of  crosslinked  UHMWPE  is  more  than  20 
time  less  in  comparison  with  unirradiated  samples. 
EB-induced  graft  copolymerization  of  MMA  on  the 
surface  of  UHMWPE  samples  significantly  increase  its 
adhesion  to  bone  cement. 
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Abstract 

Electrostatic  storage  rings  combine  a  number  of  very 
interesting  characteristics  that  make  them  an  attractive 
tool  in  the  low  energy  range.  In  contrast  to  magnetic 
rings,  all  of  the  fields  in  an  electrostatic  storage  ring  are 
completely  mass  independent.  At  the  same  particle  energy 
and  charge  state,  ions  fi-om  light  protons  to  heavy 
biomolecules  can  in  principal  be  stored  with  identical 
field  setups. 

A  small  ring  for  ions  of  energies  up  to  50  keV  is 
planned  to  be  build  up  at  Goethe  University  in  Frankfurt. 
Different  designs  have  been  calculated  and  the  results  are 
presented  in  this  contribution.  Furthermore,  prototypes  of 
the  necessary  optical  elements  have  been  manufactured 
and  are  described  as  well. 

1  INTRODUCTION 

In  1997  the  first  electrostatic  storage  ring  began 
operation  at  ISA,  Denmark  [1].  Many  different  types  of 
ions  could  be  stored  in  the  ring  ELISA  since  and  the 
expected  flexibility  of  the  machine  with  respect  to 
storable  ions  could  be  proven. 

Operating  at  energies  of  some  10  keV,  electrostatic  rings 
can  be  seen  as  a  cross  between  ‘classical’  magnetic  rings 
and  electrostatic  traps.  They  offer  easy  access  to  all  their 
elements,  a  wide  range  of  possible  experiments  at 
relatively  low  costs. 

In  order  to  improve  the  resolution  in  existing 
experimental  setups  and  to  cover  new  fields,  a  small 
machine  for  total  energies  up  to  50  keV  is  planned  in 
Frankfurt. 


2  POSSIBLE  LAYOUTS 

From  the  point  of  view  of  particle  dynamics  and 
because  of  practical  reasons,  the  symmetry  of  a  storage 
ring  should  be  chosen  as  high  as  possible.  This  reduces 
calculations  to  small  fractions  of  the  whole  circumference 
and  takes  advantage  of  the  structure’s  periodicity. 

Optical  elements  can  be  manufactured  and  utilized 
several  times  and  the  straight  sections  give  plenty  of  room 
for  experiments.  An  overview  of  such  a  design  is  shown 
in  Fig.  1. 
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Figure  1:  classical  “ring”  shape 


The  distances  between  the  different  elements  are  not 
drawn  to  scale  in  order  to  facilitate  a  first  overview. 

Injection  into  the  machine  can  be  done  in  two  different 
ways:  Either  the  beam  enters  the  ring  at  a  small 
electrostatic  inflector,  that  bends  the  beam  on  axis  and  is 
switched  off  after  half  the  ring’s  circumference  is  filled, 
or  it  enters  along  one  of  the  straight  section,  where  one  of 
the  corner  deflectors  would  have  to  be  switched  off  at  the 
beginning. 

Another  reason  for  splitting  the  90°  comer  sections  up 
into  three  elements  is  the  possibility  of  bringing  e.g.  laser 
or  electron  beams  into  the  machine  and  thus  enabling 
interaction  experiments. 

The  beam  envelope  corresponding  to  this  first  design  is 
shown  in  Fig.  2.  A  symmetry  point  lies  in  the  middle  of 
the  cylindrical  deflector  and  a  smooth  propagation 
through  the  system  is  reached.  It  should  be  pointed  out 
that  in  the  cases  (3)  and  (4),  the  beam  is  focused  in  this 
bend  in  both  planes  and  higher  space  charge  forces  occur. 
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Figure  2:  Beta-function  for  a  classic  shape 

A  racetrack  shape  design  as  given  in  Fig.  3  reduces  the 
size  of  the  whole  machine  even  further  at  the  cost  of  a 
lower  symmetric  lattice. 


iH>  VII  oi>  m 


Figure  3:  racetrack  shaped  ring 

In  this  example,  the  width  of  the  whole  machine  could 
be  reduced  below  2  meters,  which  would  make  the 
complete  ring  transportable. 

The  size  of  the  elements  was  kept  identical  in  order  to 
use  the  results  of  previous  calculations.  The  tune  values 
for  two  different  points  of  stable  operation  are  given  in 
Table  1. 


Table  1:  Tune  values  for  a  racetrack  design 


parameter 

value  1 

a 

. . . . . . 

2.248 

Qy 

0.295 

a 

2.82 

a 

0.266 

Direct  comparison  of  the  beta  functions  in  a  circular 
and  racetrack  like  machine  show  that  in  the  latter  case,  the 
beam  dimension  can  be  reduced  even  further. 


3  OPTICAL  ELEMENTS 

3. 1  Deflecting  elements 

For  the  different  reasons  mentioned  above,  the  90°  bend 
in  the  comers  of  the  ring  is  split  up  into  three  elements. 

A  first  small  angle  deflection  is  done  in  a  parallel  plate 
deflector.  A  set  of  two  bends  is  put  in  one  cavity  as  shown 
in  Fig.  4.  One  of  electrode  pairs  is  rotated  by  90°  and  is 
used  for  closed  orbit  correction. 


Figure  4:  10°  parallel  plate  deflector 


Necessary  voltages  are  about  ±  4.5  kV  per  electrode  at 
plate  distances  of  100  mm. 

The  main  bending  of  70°  is  done  in  a  cylindrical 
deflector  as  shown  in  Fig.  5.  At  the  entrance  and  exit  of 
this  element  grounded  shields  are  placed  in  order  to 
reduce  the  effects  of  fringe  fields  [3]. 


Figure  5:  70°  cylindrical  deflector 
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5.2  Transverse  Size 

It  is  only  possible  to  cover  the  requirements  of  different 
experiments  if  the  beam  size  and  shape  can  be  changed 
within  a  wide  range.  For  that  purpose,  several  pairs  of 
quadrupole  lenses  are  foreseen.  From  a  strongly  focussed 
to  a  parallel  beam,  many  shapes  are  possible. 

Each  electrode  is  10  cm  long  and  the  inner  aperture  is 
roughly  2.5  cm. 


Figure  6:  70°  cylindrical  deflector 


A  list  of  the  latest  design  parameters  for  a  circular  layout 
is  given  in  Table  2. 


Table  2:  List  of  design  parameters 


General  Parameters 

Maximum  energy 

50keV 

Circumference 

17.91  m 

Revolution  time 

3.5  ns  (p) 

70°  deflectors 

Plate  area 

200  mm  x  70  mm 

Plate  distance 

100  mm 

Voltage 

+/-  4.5  kV 

70°  deflectors 

Height 

70  mm 

Radii 

235  mm  and  265  mm 

Voltage 

+/-  6  kV 

Quadrupoles 

Length 

100  mm 

Aperture  Radius 

25  mm 

Voltage 

+A  1  kV 

4  OUTLOOK 

In  order  to  study  all  the  different  elements  necessary 
for  a  complete  ring,  a  quarter  ring  section  has  been  build 
up  in  Frankfurt,  Fig.  7.  Special  focus  was  put  on  practical 
aspects. 


Figure  7:  Overview  of  the  quarter  ring  section 


At  present,  vacuum  measurements  are  made  with  these 
cavities  and  the  next  step  will  be  to  test  the  diagnostic  [4] 
and  optical  elements  with  a  test  beam. 
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Abstract 

The  design  of  the  RHIC  injection  systems  anticipated 
the  possibility  of  filling  and  operating  the  rings  with  a  120 
bunch  pattern,  corresponding  to  110  bunches  after 
allowing  for  the  abort  gap.  Beam  measurements  during 
the  2002  run  confirmed  the  possibility,  although  at  the 
expense  of  severe  transverse  emittance  growth  and  thus 
not  on  an  operational  basis.  An  improvement  program 
was  initiated  with  the  goal  of  reducing  the  kicker  rise  time 
from  1 10  to  -^95  ns  and  of  minimizing  pulse  timing  jitter 
and  drift.  The  major  components  of  die  injection  system 
are  4  kicker  magnets  and  Blumlein  pulsers  using  thyratron 
switches.  The  kicker  terminating  resistor  and  operating 
voltage  was  increased  to  reduce  the  rise  time.  Timing  has 
been  stabilized  by  using  commercial  trigger  units  and 
extremely  stable  dc  supplies  for  the  thyratron  reservoir.  A 
fiber  optical  connection  between  control  room  and  the 
thyratron  trigger  unit  has  been  provided,  thereby  allowing 
the  operator  to  adjust  timing  individually  for  each  kicker 
unit.  The  changes  were  successfully  implemented  for  use 
in  the  RHIC  operation. 

INTRODUCTION 

Beam  injection  into  the  RHIC  is  done  vertically  by  means 
of  four  kicker  systems  per  ring,  each  consisting  of  a 
magnet  connected  to  a  Blumlein  pulser  using  thyratron 
switches  [1,2].  The  pulsers  are  located  outside  the  RHIC 
tunnel  and  are  connected  to  the  magnets  by  -IS  m  of  high 
voltage  cables.  The  Blumlein  pulser  [3,4]  consists  of 
rigid,  oil-filled  transmission  lines  in  a  folded  triaxial 
configuration.  The  magnet  was  originally  conceived  as  a 
transmission  line  magnet  with  25  Q.  characteristic 
impedance  to  match  the  two  parallel  50  Q,  feeding  cables. 
Using  a  conceptual  SLAC  design  [5],  the  first  version  of 
the  magnet  was  build  with  a  “C”  cross  section  formed  of 
interspersed  ferrite  and  high-dielectric  constant  bricks  [6]. 
The  kicker  operates  in  air  and  thus  requires  a  ceramic 
beam  tube  with  the  dimensions  of  47.6  mm  o.d,  and  41.3 
mm  i.d.,  presenting  the  smallest  aperture  at  injection. 
Voltage  breakdown  in  the  dielectric  loaded  kickers 
suggested  their  replacement  by  the  present  all-ferrite 
magnets  [7]. 

Beam  transfer  from  the  AGS  into  RHIC  is  done  in  box¬ 
car  fashion.  The  bunches  created  in  the  AGS  are 
transferred  individually  in  order  to  form  a  nominal  60- 
bunch  pattern  to  yield  collisions  at  the  six  interaction 
points,  implying  55x55  bunches  after  allowing  for  the 
dump  gap.  The  revolution  frequency  in  RHIC  is  78.196 
kHz  and  the  RF  harmonic  of  the  acceleration  system  is 
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360,  so  that  every  sixth  bucket  can  be  filled.  The  bunch 
spacing  is  213  ns  and  the  bunch  length  at  transfer  is  20  ns, 
thus  requiring  an  injection  kicker  rise  time  of  190  ns,  well 
within  the  capabilities  of  the  injection  system.  Increasing 
the  luminosity  by  doubling  the  bunch  pattern  to  120 
corresponding  to  IlOx  110  injected  bunches  was  part  of 
the  original  design  but  requires  a  kicker  system  rise  time 
of  better  than  95  ns  [8].  Beam  based  measurements  of  the 
dielectric-loaded  kickers  showed  a  rise  time  clearly  below 
this  value  [9],  whereas  the  operational  all-ferrite  magnets 
during  the  2002  run  had  a  -110  ns  rise  time  [7].  Injection 
of  110  bunches  was  possible  although  with  severe 
transverse  emittance  growth.  Based  on  this  experience,  a 
system  rise  time  of  95  ns  without  timing  jitter  or  drift 
became  the  goal  of  the  up-grade  program  discussed  in  the 
present  paper. 

SYSTEM  UPGRADES 

The  original  concept  of  the  injection  system  with  a 
transmission  line  kicker  magnet  is  in  principle  capable  of 
satisfying  these  requirements.  However  voltage 
breakdown  problems  forced  the  mismatched  termination 
of  the  kicker  magnet.  Nevertheless,  the  following 
hardware  modifications  achieved  110  bunch  operation  in 
the  2003  run: 

-  the  injection  kicker  magnets  are  terminated  with  25  Q 
instead  of  the  previous  16  ^2,  thereby  raising  the  operating 
voltage  from  31  to  -38  kV. 

-  the  home-grown  thyratron  trigger  system  consisting  of  a 
DC  power  supply  and  two  hard  tube  trigger  units  are 
replaced  by  a  commercial  solid  state  trigger  unit.  The  new 
unit  eliminates  the  sensitivity  to  ac  power  fluctuations  and 
reduces  the  short  term  pulse  jitter  to  -3  ns  peak-to-peak. 

-  the  thyratron  reservoir  ac  supply  is  replaced  by  a  dc 
power  supply,  highly  regulated  to  better  than  0.01  V, 
thereby  minimizing  drift. 

-  a  fiber  optical  connection  between  control  station  and 
the  thyratron  trigger  unit  allows  the  operator  to  adjust 
slow  drifts  due  to  temperature  changes  affecting  the 
system  immediately  before  injection. 

ALL-FERRITE  KICKER  MAGNET 

In  the  conversion  of  the  dielectric-loaded  into  the  all¬ 
ferrite  magnet  the  ceramic  bricks  were  replaced  by  ferrite, 
but  in  order  to  minimize  the  cost,  the  overall  geometry 
and  in  particular  the  magnet  frame  was  retained  [7].  The 
magnet  length  is  1.12  m  and  the  core  cross  section  is 
shown  in  Fig.l. 

It  is  not  obvious  that  the  converted  all-ferrite  magnet 
would  retain  transmission  line  characteristics  rather  than 
adopt  those  of  a  lumped  magnet.  However,  a  direct 
measurement  of  the  magnetic  field  confirmed  the 
transmission  line  properties.  The  time  dependent  magnetic 
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Figure  1:  Kicker  magnet  core  cross  section  (in  cm) 

field  of  the  all-ferrite  kicker  was  measured  using  the 
Faraday  effect  (1846),  which  describes  the  phenomenon 
that  the  polarization  of  a  light  beam  traversing  a  crystal  is 
changed  by  an  applied  magnetic  field.  In  the  present 
setup,  a  green  Ar  laser  light  was  used  together  with  an 
artificially  grown  TGG  crystal  which  has  a  large  Verdet 
constant. 

The  rise  time  of  the  magnetic  field,  measured  at  two 
positions  in  the  magnet,  ~  80  cm  apart,  with  one  '-20  cm 
down-stream  from  the  input  and  the  second  -20  cm  up¬ 
stream  from  the  25  Q  terminating  resistor  is  shown  in 
Fig.  2.  The  incoming  pulse  from  the  pulser  has  a  rise  time 
of  -33  ns.  The  transit  time  to  cover  the  80  cm  is  24  ±  2 
ns  in  both  cases.  Since  the  propagation  velocity  equals 
the  light  velocity  times  the  ratio  of  characteristic 
impedance  /  Zq,  one  finds  a  characteristic  impedance  of 
-40  n.  The  effective  rise  time  of  the  all-ferrite  kicker 
with  matched  termination  would  be  <50  ns. 


Figure  2:  Magnetic  field  pulse  at  input  (top)  and  output 
(bottom)  of  kicker  magnet 


The  response  of  the  kicker  to  a  step  function  was  also 
measured  with  the  network  analyzer  in  the  time  domain 
mode.  The  time  dependent  current  or  magnetic  field  at 
the  kicker  for  different  terminations  is  shown  in  Fig.  3. 
Note  that  the  smaller  mismatch  between  instrument,  50  O 
and  the  magnet  yields  only  a  qualitative  comparison. 


•50  0  50  100  150  200 
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Figure  3:  Kicker  response  to  step  function 


The  effective  rise  time  of  a  mis-matched  transmission 
line  magnet  consists  of  the  rise  time  of  the  incoming  pulse 
plus  twice  the  transit  time  in  the  kicker.  For  RHIC 
operation,  the  magnet  is  mismatched  with  a  low 
impedance  to  gain  current  and  magnetic  field  at  a  lower 
voltage.  The  voltage  required  to  achieve  the  necessary 
current  is  given  by 


+Zo 


1  + 


4 


where  represent  the  Blumlein  source  voltage  and 


Zo,Zj^,Zi  is  the  impedance  of  the  source,  of  the  kicker, 
and  of  the  terminating  load  respectively.  The  total 
deflecting  current  is  required  to  be  -1.15  kA  at  the 
reduced  injection  energy  of  8.86  GeV/u  for  gold.  During 
the  2002  run,  the  magnets  were  terminated  with  16  O 
requiring  -31  kV.  The  voltage  requirement  with  a 
matched  termination  of  40  Cl  becomes  -46  kV,  a  level  not 
yet  tested.  In  the  2003  run,  the  kicker  with  25  Cl 
termination  runs  conservatively  at  -38  kV. 


BLUMLEIN  PULSER 

Beam  injection  in  the  2002  run  was  hampered  by  timing 
jitter  and  drifts  of  the  pulser  units.  The  switch  tube  in  the 
Blumlein  Pulser  is  a  two-gap  deuterium-filled  thyratron, 
EEV  1 168C  (70  kV,  4  kA  specs). 

Trigger  Unit 

Proper  operation  of  the  thyratron  requires  triggers,  500  V 
on  G1  and  1.5  kV  on  G2,  as  well  as  a  negative  150  V  to 
hold-off  the  anode  voltage,  which  are  now  provided  by  a 
commercial  trigger  unit  EEV  MA2709A  (a.k.a.  "black 
box).  The  timing  jitter  of  the  thyratron  is  quoted  as  1  ns 
typical,  with  5  ns  maximum.  The  trigger  timing  shift  of 
the  commercial  trigger  unit  was  tested  to  be  less  than  1  ns 
against  line  changes  of  10  %  (i.e.l05  -  120  V) 
Implementation  of  the  changes  reduced  the  jitter  to  -3  ns 
peak  to  peak. 
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Reservoir  Voltage  Power  Supply 

The  reservoir  voltage  is  the  most  critical  parameter  in 
the  quest  for  trigger  stability,  both  jitter  and  drift.  The 
dependence  of  current  timing  on  the  dc  reservoir  voltage 
is  shovm  in  Fig.  4.  The  data  sheet  recommends  that  the 
reservoir  voltage  be  stabilized  to  ±  0.05  V,  which 
according  to  our  measurements  corresponds  to  typically 
±  3  ns.  New  DC  power  supplies  (Mid  Eastern  Ind.  HWD 
10-15B)  10  V  &  10  A  with  0.01  V  regulation  will  be  used 

Achieving  the  full  anode  current  rise  time  determines 
the  minimum  reservoir  voltage.  Operation  at  the  highest 
level  compatible  with  maintenance  of  the  anode  voltage 
hold-off  is  recommended.  The  kicker  system  runs  at  a 
low  voltage,  well  below  its  design,  so  that  the  reservoir 
voltage  can  go  to  the  manufacturer's  limit  of  6.5  V. 

Changing  the  heater  voltage  by  10  %  has  no  short 
term  effect  on  the  trigger  time,  but  may  contribute  to  a 
temperature  induced  drift.  The  heater  is  stabilized  by  a 
Solatron  transformer. 


hp  ronnlng-ouaiiing  trigger 


2,76000  US  2.66000  us  2.96000  us 

20.0  ns/fllv  repetitive  Trigger  noilei 


Edge 

E  S  435,7  mV 

Figure  4:  Anode  Current  change  with  reservoir  voltage 
from  5.0  to  6.3  V 

Anode  Current  Rise  Time 

The  thyratron  data  sheet  gives  a  nominal  rate  of  rise  of 
anode  current  of  better  than  150  A/ns  but  the  actual  value 
depends  on  the  external  circuit.  The  rate  of  rise  in  the 
Blumlein  pulser  as  measured  by  the  magnetic  field  in  Fig. 
2  is  ~38  A/ns  at  operating  conditions.  However,  the  full 
rate  of  current  rise  is  only  reached  after  the  anode  delay 
time,  defined  as  0  to  25  %,  which  is  typically  -100  ns. 
Allowing  a  2%  of  full  current  delay  adds  -65  ns  to  the 
time  between  the  G2  trigger  and  bunch  arrival.  Since 
predictable,  the  effective  pulse  rise  time  is  not  affective 
by  these  delays.  Simultaneous  triggering  of  the  four 
pulsers  takes  advantage  of  these  delays  and  minimizes  the 
overall  kicker  rise  time. 

Fiberoptic  Controls 

To  accommodate  the  individual  tum-on  delays  and  time 
drift  of  the  four  thyratrons  the  bunch  synchronized  trigger 
drives  a  Stanford  Research  Systems  DG535  4  channel 
delay  generator  with  each  channel  remotely  variable  to 


5ps  resolution  through  an  IEEE  buss  controller.  Each  of 
the  4  output  channels  is  connected  to  an  Agilent  1404 
fiberoptic  transmitter  and  then  through  a  30M  light  cable 
to  the  E2V  MA2709A  trigger  unit  input.  This  system  was 
foimd  to  contribute  <1  ns  jitter  to  the  system. 

BEAM  BASED  MEASUREMENTS 

The  kicker  rise  time  and  flattop  were  measured  with  beam 
for  the  all-ferrite  kickers  with  16  and  25  Q  terminations. 
For  the  measurement  beam  was  injected  and  the  kicker 
timing  was  shifted.  The  rise  time  with  25  Q.  was  reduced 
from  -1 10  to  -95  ns  as  seen  in  Fig.  5. 


Blue  kicker  rise  time,  28kV,  2Sa  lerminalion,  12/05/2002 


Delay  fMsl 


Yellow  kicker  rise  time,  29k V,  160  termination,  12/17/2002 


Delay  Uis] 

Figure  5:  Beam  based  rise  time  measurements 
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Abstract 

We  describe  measurements  performed  on  samples  con¬ 
sisting  of  the  alloy  Super-Invar,  which  is  a  candidate  mate¬ 
rial  for  a  robust  solid  target  used  in  conjunction  with  an  in¬ 
tense  pulsed  proton  beam.  A  low  coefficient  of  thermal  ex¬ 
pansion  is  the  characteristic  property  which  makes  Super- 
Invar  an  attractive  target  candidate.  We  have  irradiated  our 
samples  at  the  Brookhaven  Linac  Isotope  Producer  facility. 
Tests  for  variations  of  the  thermal  expansion  coefficient  as 
a  function  of  inflicted  radiation  damage  are  described.  The 
high  radiation  dose  is  severely  detrimental  to  its  low  coef¬ 
ficient  of  thermal  expansion. 

INTRODUCTION 

Increasing  the  power  of  proton  accelerator  facilities  will 
generate  new  physics  opportunities.  This  is  especially  true 
in  the  fields  of  high-energy  physics  where  intense  sec¬ 
ondary  beams  of  pions,  muons  and  neutrinos  are  of  great 
interest.  Material  sciences  can  greatly  benefit  from  the  pro¬ 
duction  of  intense  pulsed  neutrons.  A  key  issue  to  realize 
these  possibilities  is  the  development  of  new  target  systems 
which  can  function  with  proton  beams  at  power  levels  of  1 
MW  or  more.  The  target  must  withstand  very  elevated  val¬ 
ues  of  both  peak  and  average  power.  We  discuss  in  this 
paper  a  study  of  two  candidate  materials  for  a  high-peak 
power  target. 

We  have  previously  reported  studies!  1]  in  which  rods  of 
carbon  were  exposed  to  intense  proton  pulses  and  the  am¬ 
plitude  of  the  generated  pressure  waves  recorded.  The  re¬ 
sults  showed  a  very  clear  reduction  in  the  pressure  wave 
amplitude  for  carbon-carbon,  as  compared  to  ATI  carbon. 
We  attribute  the  difference  to  the  extremely  low  value  of 
the  coefficient  of  thermal  expansion  (CTE)  of  the  carbon- 
carbon  rod. 

We  are  led  to  consider  other  materials  which  also  have 
a  low  coefficient  of  thermal  expansion  (CTE).  Invar  is  a 
metal  alloy  which  predominantly  consists  of  62%  Fe,  32% 
Ni  and  5%  Co.  The  form  of  Invar  which  we  have  tested  is 
Super-Invar,  which  is  heat  treated  so  as  to  have  a  particu¬ 
larly  low  CTE.  The  CTE  for  Super-Invar  at  room  temper¬ 
ature  is  typically  at  0.6  x  10"®/°K,  but  its  variation  after 
radiation  damage  from  an  intense  proton  beam  is  unknown. 
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EXPERIMENTAL  LAYOUT 

The  irradiated  Super-Invar  samples  consisted  of  28 
3/16''  rods  each  1.688"  long.  Half  of  the  samples  were 
necked  down  to  a  diameter  of  0.08"  in  the  center  region 
The  necked-down  samples  were  used  for  post-irradiation 
mechanical  tensile  testing.  In  addition,  8  Inconel  rods  were 
used  as  fillers  in  the  target  stack.  Fig.  1  depicts  the  config¬ 
uration  of  the  samples  within  the  target  holder.  In  addition, 
16 1mm  diameter  nickel  wires  were  placed  between  sample 
cylinders,  half  each  at  the  target  entrance  and  exit.  These 
were  used  as  horizontal  and  vertical  profile  monitors  for  the 
proton  beam. 


Figure  1:  Target  sample  layout.  Cross-hatched  samples  are 
Inconel.  The  proton  beam  enters  from  the  top. 

The  irradiation  was  done  at  the  Brookhaven  Linac  Iso¬ 
tope  Producer  (BLIP)  facility  with  a  200  MeV  proton  beam 
from  the  linac  which  also  serves  as  an  injector  for  the  AGS 
booster.  The  integrated  beam  current  over  a  two  week  pe¬ 
riod  was  24  mA-hrs  which  corresponds  to  a  total  of  5.4 
X  10^°  protons  on  target.  The  proton  fluence  at  the  target 
center  was  1.3  x  10^°  protons/cm^.  The  beam  energy  af¬ 
ter  attenuation  in  the  water  surrounding  the  target  was  190 
MeV  at  our  sample  entrance. 

The  samples,  with  holder,  were  immersed  in  a  water  tank 
for  target  cooling  purposes.  In  addition,  water  was  directed 
to  flow  through  each  sample  holder.  The  unobstructed  wa¬ 
ter  flow  rate  is  1 1  GPM.  We  estimate  that  the  actual  water 
flow  rate  through  the  sample  was  reduced  to  the  order  of 
2  GPM.  Given  this  flow  rate  and  the  peak  proton  current 
of  108  /iA  experienced  during  the  exposure,  we  calculate 
that  the  peak  temperature  within  the  interior  of  a  sample 
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rod  was  on  the  order  of  200®  C, 

After  exposure,  the  target  sample  was  removed  and 
placed  in  a  lead  shielded  enclosure  for  seven  months  to  al¬ 
low  for  the  radio-activity  to  decline  to  more  manageable 
levels  for  the  subsequent  measurements.  Nonetheless,  our 
measurements  of  the  CTE  and  tensile  properties  had  to  be 
performed  within  the  confines  of  a  hot  cell  equipped  with 
remote  handling  capabilities. 

Upon  removal  of  the  samples  from  the  target  holder,  the 
individual  cylinders  were  washed  in  an  acid  bath  to  remove 
corrosion  from  the  rods.  Samples  were  then  sorted  by  po¬ 
sition  in  the  the  target,  making  use  of  identifying  marks  on 
each  cylinder  and  nickel  wire. 


MEASUREMENTS 

Activation  Measurements 

The  samples  were  placed  individually  into  an  ATOM- 
LAB  100  dose  calibrator  in  order  to  measure  the  integrated 
activation  levels.  The  first  (entrance)  plane  (Fig.  1)  con¬ 
sisted  of  straight  cylindrical  rods  and  wire  positioned  in  a 
horizontal  orientation,  while  the  the  fourth  (exit)  plane  had 
a  similar  arrangement  but  with  a  vertical  orientation.  The 
activation  levels  of  the  front  plane  could  then  be  used  to 
extract  information  as  to  the  vertical  profile  of  the  incident 
proton  beam,  while  the  exit  plane  could  be  used  for  obtain¬ 
ing  the  horizontal  profile  of  the  proton  beam  (Fig.  2).  The 
nickel  wire  and  Invar  rods  have  different  volumes  as  well 
as  composition,  hence  overall  normalization  for  each  data 
set  differ.  However,  the  beam  rms  widths  extracted  from 
each  set  of  material  agree  well. 


Position  left  to  right,  looking  in  beam  direction  (cm) 


Thermal  Expansion  Measurements 

Measurement  of  the  coefficient  of  thermal  expansion  uti¬ 
lized  an  L75  dilatometer  purchased  from  LINSEIS,  Gmbh. 
This  device  was  specifically  fabricated  to  allow  ease  of  re¬ 
mote  operation  since  the  measurements  were  confined  to  a 
hot  cell  where  remote  manipulation  of  the  equipment  as 
well  as  the  mechanical  insertion  of  the  samples  was  re¬ 
quired.  Measurement  of  non-irradiated  samples  demon¬ 
strated  that  the  stock  material  had  the  expected  CTE  of 
0.6  X  10“®  /®K  at  room  temperature  while  the  base  line 
for  the  temperature  range  of  50  ®C  to  150®  C  was  an  aver¬ 
age  CTE  of  1.0  X  10“®  /®K  (see  Fig.  3).  This  figure  also 
demonstrates  that  irradiation  dramatically  alters  the  ther¬ 
mal  expansion  properties  of  Super-Invar.  The  results  for  all 
fourteen  straight  irradiated  specimens  are  shown  in  Fig.  4. 
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Figure  3:  Measured  thermal  expansions  for  three  different 
Super-Invar  specimens. 
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Figure  2:  Measured  specimen  activity  as  a  function  of  tar¬ 
get  position.  The  lines  are  Gaussian  fits. 


Figure  4:  Measured  average  coefficients  of  thermal  expan¬ 
sion  as  a  function  of  calculated  average  atomic  displace¬ 
ments  per  atom. 


This  measured  beam  profile,  along  with  the  total  pro¬ 
ton  flux  and  incident  energy,  served  as  input  into  the  code 
MCNPX[2]  which  calculated  the  atomic  displacements 
within  each  sample.  Results  of  the  activation  measure¬ 
ments  of  each  sample  correlate  well  with  the  calculated  val¬ 
ues  for  the  atomic  displacements  averaged  over  each  rod. 


It  should  be  noted  that  the  average  CTE  values  reported 
here  correspond  to  a  temperature  interval  from  50  ®C  to 
150®C  and  are  also  averaged  over  the  length  of  each  sam¬ 
ple,  Auxiliary  measurements  of  un-irradiated  samples  heat 
treated  to  temperatures  up  to  400®C  indicate  that  most  of 
the  observed  effect  is  due  to  radiation  damage,  but  some 
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contribution  from  heating  during  irradiation  and  from  pos¬ 
sible  effects  of  thermo-mechanical  shock  caused  by  the 
pulsed  beam  can  not  be  excluded. 

We  also  measured  the  average  CTE  of  the  eight  In¬ 
conel  rods  as  well  as  two  non-irradiated  Inconel  specimens. 
Since  the  Inconel  rods  were  used  as  spacers  at  the  edges  of 
the  target,  their  levels  of  activation  and  atomic  displace¬ 
ment  are  typically  less  than  for  the  Super-Invar  samples. 
Nonetheless,  we  do  observe  a  small  change  in  the  CTE  for 
Inconel  (see  Fig.  5). 
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Figure  5:  Measured  average  coefficients  of  thermal  expan¬ 
sion  of  the  Inconel  samples  as  a  function  of  calculated  av¬ 
erage  atomic  displacements  per  atom. 


Tensile  Measurements 

The  effect  of  different  levels  of  irradiation  on  the  me¬ 
chanical  properties  of  Super-Invar  was  assessed  by  per¬ 
forming  a  tensile  test  on  specimens  that  have  been  specially 
designed  for  that  purpose.  In  particular,  the  two  middle 
planes  of  the  target  were  formed  by  specimens  which  had 
been  necked-down  to  a  diameter  of  80  mils.  The  maximum 
irradiation  levels  reached  during  the  exposure  to  the  beam 
has  been  calculated  to  be  0.25  dpa. 


The  load-displacement  curves  of  virgin  as  well  as  irra¬ 
diated  specimens  from  the  same  block  of  material  were 
obtained.  Particular  care  was  taken  to  maintain  the  same 
parameters  of  tensile  test  in  order  to  avoid  scattering  of 
the  data.  As  a  result  very  similar  load-displacement  curves 
were  achieved  for  the  non-irradiated  specimens.  This  pro¬ 
vided  a  reference  for  the  mechanical  properties  (such  as 
the  yield  strength,  the  ultimate  strength  and  the  modulus  of 
elasticity)  that  are  evaluated  as  a  function  of  the  irradiation. 


Figure  7:  Yield  vs  atomic  displacement  for  irradiated  and 
non-irradiated  invar  specimens. 

While  no  effect  was  observed  for  the  modulus  of  elastic¬ 
ity,  irradiation  effects  are  apparent.  Specifically,  the  mate¬ 
rial  becomes  stronger  but  brittle.  A  15%  increase  in  tensile 
strength  was  observed.  The  irradiated  material,  however, 
lost  its  post-yield  strength  (no  ultimate  strength)  and  frac¬ 
tured  at  smaller  displacement  (strain)  levels. 

SUMMARY 

Our  results  indicate  that  selecting  a  target  material  based 
on  it’s  attractive  coefficient  of  thermal  expansion  should 
be  preceded  by  a  consideration  of  the  effects  that  radia¬ 
tion  damage  can  impart  on  this  property.  Super-Invar  can 
be  considered  a  serious  target  candidate  for  an  intense  pro¬ 
ton  beam  only  if  one  can  anneal  the  atomic  displacements 
followed  by  the  appropriate  heat  treatment  to  restore  its  fa¬ 
vorable  expansion  coefficient.  On  the  other  hand,  the  more 
modest  influence  of  radiation  damage  on  the  Inconel  sam¬ 
ples  suggests  that  targetiy  material  selection  based  on  yield 
strength  rather  than  low  thermal  expansion  coefficient  may 
lead  to  a  more  favorable  result. 

REFERENCES 

[1]  H,G.  Kirk,  TARGET  STUDIES  WITH  BNL  E951  AT  THE 
AGS,  Proceedings  of  the  2001  Particle  Accelerator  Confer¬ 
ence,  Chicago,  IL,  March  2001,  p.l535. 

[2]  MCNPX  Users  Manual-Version  2.1.5,  L.S.  Waters,  ed.,  Los 
Alamos  National  Laboratory,  Los  Alamos,  NM.  TPO-E83-G- 
UG-X-00001.  (1999) 


Figure  6:  Load-displacement  curves  for  irradiated  and  non- 
irradiated  invar  specimens. 
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Abstract 

The  target  system  for  a  muon  collider/neutrino  factory 
requires  the  conjunction  of  an  intense  proton  beam,  a  high- 
Z  liquid  target  and  a  high-field  solenoid  magnet.  We  de¬ 
scribe  the  design  parameters  for  a  pulsed  solenoid,  includ¬ 
ing  the  magnet  cryogenic  system  and  power  supply,  that 
can  generate  transient  fields  of  greater  than  lOT  with  a  flat- 
tops  on  the  order  of  1  second.  It  is  envisioned  to  locate  this 
device  at  the  Brookhaven  AGS  for  proof-of-principle  test¬ 
ing  of  a  liquid-jet  target  system  with  pulses  of  10^^  protons. 

THE  TARGETRY  CONCEPT 

A  muon  collider  or  a  neutrino  factory  based  on  a  muon 
storage  ring  [1]  require  intense  beams  of  muons,  which 
are  obtained  from  the  decay  of  pions  produced  in  proton- 
nucleus  collisions.  To  maximize  the  yield,  pions  of  mo¬ 
mentum  near  300  MeV/c  should  be  captured.  For  proton 
energies  above  10  GeV,  the  pion  yield  per  unit  of  proton 
beam  energy  is  larger  for  a  high-Z  target.  For  proton  beam 
energies  in  the  MW  range,  beam  heating  would  melt  or 
crack  a  stationary  high-Z  target,  so  a  moving  target  must 
be  used.  A  mercury  jet  target  is  the  main  focus  of  BNL 
E951  [2],  although  R&D  is  also  being  conducted  oil  a  car¬ 
bon  target  option  as  might  be  suitable  for  a  low-energy  pro¬ 
ton  source,  and  conceptual  studies  have  been  carried  out  for 
rotating-band  targets,  a  tantalum/water  target,  and  a  liquid- 
lithium  target. 

The  low-energy  pions  are  produced  with  relatively  large 
angles  to  the  proton  beam,  and  efficient  capture  into  a  de¬ 
cay  and  phase-rotation  channel  is  obtained  by  surrounding 
the  target  with  a  20-T  solenoid  magnet,  whose  field  ta¬ 
pers  down  to  1.25  T  over  several  meters  [3],  as  sketched 
in  Fig.  1.  Pion  yield  is  maximized  with  a  mercury  tar¬ 
get  in  the  form  a  1-cm-diameter  cylinder,  tilted  by  about 
100  mrad  with  respect  to  the  magnetic  axis.  To  permit  the 
proton  beam  to  interact  with  the  target  over  2  interaction 
lengths,  the  proton  beam  is  tilted  by  33  mrad  with  respect 
to  the  mercury  jet  axis. 

The  use  of  a  mercury  jet  target  raises  several  novel  is¬ 
sues.  The  rapid  energy  deposition  in  the  mercury  target  by 
the  proton  beam  leads  to  intense  pressure  waves  that  can 
disperse  the  mercury.  Further,  as  the  mercury  enters  the 
strong  magnetic  field  eddy  currents  are  induced  in  the  mer¬ 
cury,  and  the  Lorentz  force  on  these  currents  could  lead  to 
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Figure  1:  Concept  of  targetry  based  on  a  mercury  jet  and 
proton  beam  at  100  mrad  and  66  mrad,  respectively,  to  the 
axis  of  a  20-T  solenoid  magnet. 

distortion  of  the  jet.  On  the  other  hand,  the  magnetic  pres¬ 
sure  on  the  mercury  once  inside  the  solenoid  will  damp 
mechanical  perturbation  of  the  jet.  To  address  these  issues 
an  R&D  program  is  now  underway, 

THE  TARGETRY  R&D  PROGRAM 

In  the  USA,  R&D  on  targetry  for  a  neutrino  factory  and 
muon  collider  has  been  formalized  as  BNL  experiment  951 
[2].  This  project  maintains  close  contacts  with  related  ef¬ 
forts  in  Europe  [4]  and  in  Japan  [5]. 

The  broad  goal  of  E951  is  to  provide  a  facility  that  can 
test  all  the  major  of  a  liquid  or  solid  target  in  intense  proton 
pulses  and  in  a  20-T  magnetic  field. 

Present  E951  activities  focus  on  the  interaction  of  in¬ 
tense  proton  pulses  with  targets  in  zero  magnetic  field.  Eu¬ 
ropean  targetry  studies  have  emphasized  the  interaction  of 
mercury  jets  with  a  magnetic  field,  the  operation  of  rf  cavi¬ 
ties  near  high-power  targets,  and  target  material  evaluation. 

Mercury  Jet  +  Proton  Beam 

The  present  R&D  program  on  mercury  jets  is  an  out¬ 
growth  of  work  at  CERN  in  the  1980’s  in  which  a  prototype 
mercury  jet  was  prepared,  but  never  exposed  to  a  beam. 

Experiment  951  is  conducted  in  the  A3  beamline  of  the 
BNL  AGS  into  which  a  single  bunch  of  up  to  5  x  10^^ 
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24**GeV  protons  can  be  extracted  and  brought  to  a  focus 
as  small  as  0.6  x  1.6  mm^.  The  dispersal  of  both  static 
and  moving  mercury  targets  by  the  proton  beam  was  ob¬ 
served  via  two  high-speed  cameras  using  shadow  photog¬ 
raphy.  The  principal  results  obtained  thus  far  are  summa¬ 
rized  elsewhere  [6].  Figure  2  shows  results  from  a  mercury 
target  that  was  exposed  to  pulses  of  2-4  x  10^^  24-GeV  pro¬ 
tons.  Dispersal  velocities  of  up  to  15  m/s  were  observed.  A 
key  result  is  that  the  dispersal  of  mercury  was  confined  to 
that  part  of  the  jet  directly  intercepted  by  the  proton  beam. 


^ _ ^ 


c)  d) 


Figure  2:  Hg  jet  interaction  with  3.8  x  10^^  24-GeV  pro¬ 
tons;  t=  a)  0  ms;  b)  0.75  ms;  c)  10  ms;  d)  18  ms. 


Thus,  it  appears  that  the  dispersal  of  mercury  by  a  proton 
beam  is  dramatic,  but  not  violent,  and  that  the  dispersal  will 
be  a  relatively  modest  issue  for  a  target  facility  that  operates 
at  15  Hz. 

Mercury  Jet  +  75-7  Magnet 

A  4-mm-diameter  mercury  jet  of  velocity  12  m/s  has 
been  injected  int  a  15-T  magnet  [6]  with  typical  results  as 
shown  in  Fig.  3.  By  placing  the  nozzle  of  the  jet  well  into 
fringe  field  of  the  magnet,  disruptive  effects  of  eddy  cur¬ 
rents  are  avoided.  Furthermore,  the  high  magnetic  pressure 
of  the  central  field  suppresses  the  Rayleigh  instability  of 
the  jet,  in  comparison  to  the  case  of  zero  field. 

Mercury  Jet  +  Proton  Beam  +  15-T  Magnet 

Having  conducted  successful  tests  of  the  separate  inter¬ 
action  of  a  mercury  jet  with  a  proton  beam,  and  with  a  1 5-T 
magnet,  the  next  step  is  a  combined  test  of  mercury  jet  plus 
intense  proton  beam  plus  a  15-T  magnet,  in  a  configuration 


Figure  3:  The  Rayleigh  instability  of  a  mercury  jet  is  sup¬ 
pressed  by  high  magnetic  fields. 


prototypical  of  that  suitable  for  a  neutrino  factory  or  muon 
collider. 

A  design  of  a  15-T  pulsed  solenoid  magnet  for  this  pur¬ 
pose  has  been  completed  [3,  7],  as  illustrated  in  Figs.  4-7. 
The  copper  coils  are  cooled  by  liquid  nitrogen  to  reduce 
their  resistance,  and  hence  the  power  requirements  [8].  The 
time  dependence  of  key  magnet  parameters  during  pulse 
are  illustrated  in  Fig.  4. 

The  magnet  consists  of  3  concentric  copper  coils, 
mounted  inside  a  common  cryostat,  as  shown  in  Fig.  5. 
Extensive  ANSYS  simulations  have  been  made  of  the  me¬ 
chanical  and  thermal  performance  of  the  magnet  [7],  some 
of  which  are  summarized  in  Fig.  6.  The  cooling  scheme  for 
the  coils  is  illustrated  in  Fig.  7. 

The  pulsed  magnet  system  is  intended  to  be  operated  for 
less  than  1,000  pulses,  including  checkout  as  well  as  data 
taking  with  proton  beams.  As  such,  it  appears  most  cost 
effective  to  provide  the  4.5-MW  pulsed  power  with  an  array 
of  batteries,  rather  than  a  rectified  DC  power  supply. 

Constmction  of  this  magnet  system  is  expected  to  begin 
later  this  year,  and  could  be  completed  in  3  years. 
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15.1  T,  70  K  Pulse  Coil  Employing  315  Exide  XL6000  Batteries  in  Series 


Figure  4:  Behavior  of  the  15-T  magnet  during  a  pulse.  The 
peak  current  is  7200  A  at  a  peak  voltage  of  600  V.  Approx¬ 
imately  30  MJ  of  energy  is  dissipated  in  the  magnet,  which 
raises  its  temperature  from  70  to  1  lOK. 


Figure  5:  Longitudinal  cross  section  of  the  15-T  pulsed 
magnet,  showing  the  3  coil  packages  and  cryostat  [7]. 
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Abstract 

The  production  of  large  fluxes  of  pions  and  muons 
using  high-energy,  high-intensity  proton  pulses  impinging 
on  solid  or  liquid  targets  presents  unique  problems  which 
have  not  yet  been  entirely  solved.  We  investigate  the 
possibilities  of  using  solid  targets  by  choosing  a  metal  of 
either  extremely  low  thermal  expansion  coefficient  or 
exceptionally  high  mechanical  strength.  Candidates  are 
respectively  Super-Invar  and  Vascomax  350  or  Inconel 
718.  Moving  targets  in  the  form  of  chains  or  cables 
would  be  required  for  cooling  purposes.  These  materials 
seem  easily  capable  of  surviving  the  beam  pulses  required 
for  the  largest  beam  power  contemplated.  Questions 
regarding  radiation  damage  effects  are  being  investigated. 

INTRODUCTION 

The  new  frontier  of  multi-megawatt  accelerators  offers 
important  new  physics  opportunities  as  well  as  interesting 
technical  challenges.  In  particular,  the  production  of  large 
fluxes  of  pions  and  muons  using  high-energy,  high- 
intensity  proton  pulses  impinging  on  solid  or  liquid 
targets  [1,2]  presents  unique  problems  which  have  not  yet 
been  entirely  solved.  The  large  required  power  and  power 
density  deposited  in  the  material  as  well  as  the  short  pulse 
duration  produce  large,  almost  instantaneous  local 
heating,  and  the  resulting  sudden  thermal  expansion  can 
result  in  damage-causing  stresses  in  solids  and  in  the 
violent  disruption  of  liquid  jets.  We  concentrate  on 
solutions  based  on  solid  metallic  targets  which,  through 
their  motion,  carry  the  deposited  power  from  the 
interaction  region  to  a  cooling  bath. 

The  conditions  created  by  the  short  beam  pulses  (rms 
width  -50  ns  during  recent  experiments  [3]  and  <5  ns  for 
a  final  system  [1,  2]  are  very  unusual.  Intense,  almost 
instantaneous,  beam  heating  causes  a  fraction  of  the  target 
volume  to  suddenly  be  in  a  highly  compressed,  inertially 
confined  state.  Subsequently  this  volume  expands 
initiating  strong  vibrations  in  the  material.  The  amplitude 
of  these  oscillations  is  such  that  large  negative  pressures 
(tensile  stresses)  or  shear  stresses  can  be  generated 
exceeding  the  strength  of  the  material  and  thus  causing 
mechanical  failure. 

For  a  preliminary  screening  of  possible  materials,  we 
assume  ^at  tensile  and  sheer  stresses  will  arise  in  the 
oscillations  which  are  similar  in  magnitude  to  the  initial 
compression.  In  fact,  the  natural  tendency  in  most  cases 
will  be  for  the  energy  initially  concentrated  in  a  fraction 
of  the  target  volume  to  rapidly  spread  over  the  entire 
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volume  thus  reducing  subsequent  peak  values.  However, 
vibration  focusing  effects  can  lead  to  unexpected  stress 
concentrations.  Computer  modeling  will  be  required  once 
a  candidate  material  is  selected,  and  target  geometries  can 
then,  if  necessary,  be  modified. 

CANDIDATE  MATERIALS 

Two  possible  approaches  to  avoid  stress  induced 
failures  are  to  either  select  extremely  strong  materials  that 
may  withstand  the  large  stresses,  or  materials  with 
extremely  low  coefficient  of  thermal  expansion  for  which 
the  thermal  shock  stresses  will  be  minimized.  In  the 
present  study  we  consider  the  alloys  Vasco  Max  C-350 
and  Inconel  718  in  the  first  category  and  Super  Invar  in 
the  second  one.  For  comparison,  we  also  include  data  for 
pure  iron.  Table  1  lists  the  thermal  and  mechanical 
properties  of  these  materials. 

For  all  these  materials  and  for  target  radii  ranging  down 
to  a  few  mm,  the  radial  sound  transit  times  are  orders  of 
magnitude  larger  than  the  energy  deposition  times  of 
nanoseconds  or  even  tens  of  nanoseconds.  Heat  diffusion 
times  are  longer  still  by  several  orders  of  magnitude.  The 
initial  compression  is  therefore  inertially  confined  to  good 
approximation  and  the  subsequent  oscillations  are  nearly 
adiabatic. 

STRESS  ESTIMATES 

To  determine  the  initial  compression  we  must  first  find 
maximum  values  of  the  energy  density  deposited  by  the 
beam.  This  was  done  by  using  the  MARS  code  [4]  for  a 
number  of  different  target  radii,  and  by  assuming  a  proton 
beam  rms  radius,  a,  2.5  times  smaller  than  the  target 
radius  in  each  case.  An  example  of  such  a  calculation  for 
iron  is  shown  in  Fig.  1  for  a  target  radius  of  7.5  mm,  a 
beam  rms  radius  of  3  mm  and  a  24  GeV  proton  pulse  of 
16  X  10*^  protons.  Table  2  lists  maximum  energy  density 
values  for  a  range  of  radii.  Once  the  maximum  value  e^ax 
of  the  energy  density  (per  unit  mass)  is  found  from  these 
calculations  for  each  case,  we  calculate  the  coiresponding 
maximum  compression  for  each  material: 

Fmax  ^  X  ^max  X  B  X  CX  /  Cy 

where  B  is  the  bulk  modulus,  a  the  linear  expansion 
coefficient,  and  Cy  the  specific  heat  at  constant  volume. 
The  factor  3  is,  for  an  isotropic  material,  the  ratio  between 
volumetric  and  linear  relative  expansions.  These  stress 
values  are  then  appropriately  scaled  for  the  1  MW  and  the 
4  MW  options  of  the  Muon  Collider/  Neutrino  Factory 
project  [1,  2]  the  first  of  which  calls  for  15  pulse  per 
second  with  17.3  x  10^^  protons  per  pulse,  with  both  these 
numbers  doubled  for  the  second  one. 
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Table  1.  Mechanical  and  thermal  characteristics. 
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Fig.  1  Three-dimensional  view  of  energy  deposition 
MARS  values  for  a  3  mm  rms  radius  24  GeV,  16  x  10^^ 
proton  beam  pulse  on  a  7.5  mm  radius  iron  target. 


RMS  Proton  Beam  Radius  (mm) 

Fig.  2  Maximum  initial  stress  as  %  of  yield  stress  for  the 
24  GeV,  17.3  x  10^^  proton  beam  pulses  required  for  the 
1  MW  option. 

In  Figs.  2  and  3,  we  apply  our  criterion  to  both  options 
of  the  Muon  Collider/Neutrino  Factory  proposal  [1,  2]  by 
plotting  these  maximum  stresses  as  percentages  of  the 
respective  yield  stresses  for  the  different  materials  and  for 


Fig.  3  Maximum  initial  stress  as  %  of  yield  stress  for  the 
24  GeV,  34.7  x  10^^  proton  beam  pulses  required  for  the 
4  MW  option. 


a  range  of  rms  beam  radii,  with  target  radii  2.5  times 
larger.  We  see,  for  example,  that  for  Vascomax  350  our 
criterion  wouldn’t  be  exceeded  even  for  the  4  MW  option 
down  to  a  -4  mm  radius  target  which  is  smaller  than 
envisaged.  Super-Invar,  while  being  further  from  reaching 
the  yield  stress  is  limited  to  larger  radii  due  to  the  fact  that 
its  low  expansion  coefficient  characteristic  disappears  at 
temperatures  higher  than  -120  °C.  Also,  results  from 
radiation  damage  studies,  reported  elsewhere  in  these 
proceedings  [5],  indicate  that  Super-Invar  may  not  be  an 
appropriate  choice. 

A  somewhat  more  stringent  criterion  for  estimating  the 
resiliency  of  these  materials  is  to  compare  the  maximum 
initial  stresses  to  the  fatigue  limit  instead  of  the  yield 
stress.  In  that  case  the  results  for  Vascomax  350  and  for 
Inconel  718  become  similar,  and  indicate  that  target  radii 
equal  or  larger  than  4.5  mm  and  than  7.5  mm  would  be 
viable  for  the  1  MW  and  the  4  MW  option  respectively. 
Using  fatigue  limits  is  probably  overly  conservative  since 
these  limits,  which  are  specified  at  low  repetition  rates, 
are  known  to  increase  substantially  with  frequency.  We 
also  see  that  iron  or  other  alloys  much  weaker  than  the 
ones  considered  here  would  be  inadequate  even  for  the  1 
MW  option  using  either  criterion. 
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Table  2.  Maximum  energy  densities  deposited  by  16  xlO^^  24  GeV  proton  beam  pulses 
in  iron  targets.  Values  for  the  other  materials  considered  here  will  be  nearly  identical. 


Proton  beam  rms  radius  fnimT 

.5 

1 

1.5 

2 

2,5 

3 

3.5 

Target  radius  [mm] 

1.25 

2.5 

3.75 

5 

6.25 

7.5 

8.75 

Maximum  energy  density  [J/g] 

305 

105 

55,6 

36.0 

26.5 

22.1 

16.5 

POSSIBLE  IMPLEMENTATIONS 

Finally  we  show  some  schematic  representations  of 
possible  chain  configurations  for  moving  targets  as 
alternatives  to  the  previously  proposed  "Band  Saw" 
system  [6]  or  the  use  of  a  metallic  cable  [7] . 


Fig.  4  Examples  of  metallic  chain  links  configurations 
showing  rather  compact  designs  with  large  metal  to  gap 
volume  ratios. 


Fig.  5  Schematic  of  a  chain  with  long  links  which,  if 
surrounding  hardware  such  as  magnet  coils  permit,  would 
allow  each  beam  pulse  to  be  coaxial  with  the  target. 

Cooling  requirements  dictate  in  each  case  the  minimum 
velocity  as  well  as  the  length  for  a  chain  of  a  given 
material  and  a  given  geometry.  An  estimated  required 
velocity  for  a  Vascomax  C-350  chain  for  the  4  MW 
option  would,  for  example,  be  3  m/s  and  the  total  length 
would  be  ~35  m  to  transfer  the  power  deposited  by  the 
beam  to  a  20  °C  cooling  bath  without  exceeding  an 
internal  target  temperature  of  300  and  thus  largely 
preserving  the  strength  of  the  material. 

DISCUSSION  AND  CONCLUSIONS 

We  conclude  that  solid  moving  metallic  targets  with 
very  large  tensile  strength  are  viable  candidates  for  a  1 
MW  and  even  a  4  MW  Muon  Collider/Neutrino  Factory 
system  and  should  therefore  also  be  considered  for  other 
multi  megawatt  high  energy  proposals.  It  was  also  shown 
that  more  conventional  solids  such  as  iron  can  not  be 
expected  to  work. 


The  choice  between  Vascomax  C350  and  Inconel  718 
(or  perhaps  Inconel  750)  may  be  influenced  by  the  fact 
that  Inconel  isn’t  ferromagnetic  and  will  therefore  not  be 
subjected  to  the  rather  large  forces  Vascomax  chains  will 
experience  when  entering  and  exiting  a  high  solenoidal 
field.  A  disadvantage  of  Inconel  is  its  low  thermal 
conductivity  which  makes  cooling  slower  and  will  thus 
require  longer  chains.  It  may  be  possible  to  improve  this 
situation  by  providing  cooling  channels  through  the  chain 
links. 

The  present  stress  and  temperature  estimates  are 
thought  to  be  conservative  since  no  credit  was  taken  for 
the  advantageous  frequency  dependence  of  fatigue 
tolerance,  nor  for  the  possibility  of  using  non-Gaussian 
beam  profiles  to  reduce  the  peak  energy  density  if 
necessary.  Uncertainties  about  the  survival  of  high- 
temperature  stationary  carbon  targets  and  about  the 
possibility  of  rapidly  clearing  large  quantities  of  dispersed 
mercury  for  liquid  jet  targets  [8]  makes  these  moving 
solid  targets  a  safer  choice. 
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INJECTION  ACCELERATION  AND  EXTRACTION  OF  HIGH  INTENSITY 
PROTON  BEAM  FOR  THE  ^’NEUTRINO  FACILITY”  PROJECT  AT  BNL  * 

N.  Tsoupas,  J.  Alessi,  D.  Barton,  G.  Ganetis,  A.  Jain,  Y.  Lee,  1.  Mameris,  W.  Meng,  D.  Raparia, 
T.  Roser,  A.  Ruggiero,  J.  Tuozzolo,  P.  Wanderer,  B.  Weng  ,  BNL,  Upton,  NY  11973  USA 


Abstract 

The  proposed  “neutrino-production”  project[l,2]  to  be 
built  at  the  Brookhaven  National  Laboratory  (BNL) 
requires  that  the  neutrino-production  target  be  bombarded 
by  a  high  intensity  proton  beam-pulse  of  -90x10^^ 
protons  of  28  GeV  in  energy  and  at  a  rate  of  2.5  Hz, 
resulting  in  a  1  MW  power  of  proton  beam  deposited  on 
the  target  for  the  production  of  the  neutrinos.  In  this  paper 
we  investigate  the  possibility  of  producing  this  high 
intensity  proton  beam,  using  as  the  main  accelerator  the 
Alternating  Gradient  Synchrotron  (AGS)  at  the 
Brookhaven  National  Laboratory  (BNL). 

The  following  aspects  of  the  project  are  reported  in  this 
paper:  a)  The  beam  injection  into  the  AGS  synchrotron  of 
1.2  GeV  H‘  beam  produced  by  a  super-conducting 
LINAC[3];  b)  The  effect  of  the  eddy  currents  induced  on 
the  vacuum  chamber  of  the  circulating  beam  during  the 
“ramping”  of  the  main  magnets  of  the  AGS.  c)  The 
method  of  the  beam  extraction  from  the  AGS  and  the 
optics  of  the  28  GeV  beam  extracted  from  the  AGS. 

1  H  BEAM  INJECTION  INTO  AGS 

The  AGS  synchrotron  was  operating  in  early  years  [5] 
with  protons  being  injected  from  a  200  MeV  H"  beam 
produced  by  a  LINAC.  In  this  section  we  discuss  the 
proposed  injection  into  the  AGS,  of  an  beam  produced 
by  a  1 .2  GeV  Supercoducting  LINAC,  (SC_Linac). 

LI  Layout  of  H- Injection  region  in  AGS 

Figure  1  is  a  schematic  diagram  of  the  accelerators  system 
involved  in  the  production  of  the  28  GeV  proton  beam. 
Namely  the  200  MeVLinac,  the  SC_linac,  and  the  AGS. 
The  H"  injection  region  has  been  chosen  to  be  the  location 
of  the  B20  straight  section  of  the  AGS.  A  schematic 
diagram  of  the  injection  region  is  shown  in  Fig.  2.  In  this 
diagram  the  following  components  of  the  injection  region 
are  shown: 

a)  Three  of  the  main  magnets  (B19,B20,C01)  of  the  AGS. 

b)  The  stripping  foil,  shown  inside  the  magnet  COL 

c)  The  closed  beam  orbits  which  is  “locally-bumped” 
during  the  time  period  for  H‘  beam  injection  [2]. 

d)  The  closed  orbit  of  the  circulating  proton-beam  with  no 
beam  bumps  (labeled  as  “Circulating  p-beam”  in  Fig.  2  ) 

e)  The  trajectory  of  the  injected  H’  beam.  The  direction 
of  the  injected  H"  is  defined  by  the  coordinate  point  (x,x’) 
shown  in  Fig.  2  [2].  The  coordinate  x  is  the  distance  from 
the  center  point  of  the  straight  section  SS_B19  and  x’  is 
the  angle  between  the  direction  of  the  central  particle  of 

♦  Work  Performed  under  Contract  No.  DE-AC02-98CH10886  with  the 
U.S.  Department  of  Energy. 


the  H‘  beam  and  the  direction  of  the  straight  SS_B19. 

f)The  trajectories  of  the  H’  beam  which  is  not  stripped  by 
the  stripping  foil.  The  trajectory  of  the  partially  stripped 
H'  beam  (H°)  and  the  trajectories  of  the  electrons  (e) 
emanating  from  the  stripping  foil.  All  these  particles  must 
be  collected  downstream  of  the  stripping  foil  into  various 
“beam-dumps”. 


Figure  1.  Schematic  diagram  of  the  accelerators  for  the 
“neutrino  production”. 


L2  Generating  the  'local  beam”  bumps  for 
the  H-beam  injection. 

In  order  to  make  the  circulating  proton  beam  collinear 
with  the  H"  injected  beam  at  the  injection  point  (“stripping 
foil”  in  Fig.  2),  the  circulating  proton  beam  is  “locally 
bumped”  by  using  two  horizontal  “bump-magnets”  [2]. 


Figure  2.  Schematic  diagram  of  injection  region  in  AGS. 

Figure  3  plots  the  closed  beam  orbit  in  AGS  with  the 
“local  bump”  turned  OFF  (red  line)  and  turned  ON  (blue 
line).  Figure  4  shows  a  section  of  the  bumped  orbit  of  the 
beam  at  the  location  of  the  COl  main-magnet  (see  fig.  2) 
The  maximum  displacement  of  the  closed  orbit  (~56  mm) 
occurs  at  the  center  of  the  75  inches  long  COl  magnet. 
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Figure  3:  Closed  orbits  in  the  AGS.  The  red  and  blue 
curves  corresponds  to  bumps  OFF,  and  ON 

Each  of  the  other  lines  shown  in  Fig.  4,  are  trajectories  of 
the  H'  injected  beam  corresponding  to  a  different  (x,x’) 
location  and  direction  of  the  H'  injected  beam.  The  values 
of  (x  x’)  that  were  used  to  generate  the  trajectories  shown 
in  figure  4  are  shown  also  on  the  same  figure  4.  Each  of 
the  H"  trajectories  is  tangent  to  the  “bumped-closed  orbit” 
(black  line)  and  this  has  been  achieved  by  adjusting  the 
initial  conditions  (x,x’)  of  the  H"  injected  beam. 


S  [inches] 


Figure  4.  A  section  of  the  “Bumped  Closed  Orbit”  (black 
line)  inside  the  COl  magnet  of  AGS. 

From  all  the  possible  H’  trajectories  shown  in  Fig.  4,  the 
H‘  trajectory  with  (x,x’)=(250  mm, -56.5  mrad)  has  been 
selected  as  the  “injection  trajectory”  (blue  line  in  Fig  4). 
The  various  H'  trajectories  shown  in  figure  4  have  been 
calculated  using  the  code  AGS_BATE[4]. 

In  addition  to  the  “local-bump”  of  the  closed  orbit 
discussed  above,  a  set  of  two  fast  time  varying  bumps 
(horizontal  and  vertical)  of  the  closed  orbit  may  also  be 


superimposed  to  help  optimize  the  “beam  painting”  of  the 
AGS  phase  space. 

1.3  Calculations  of  the  beam  parameters  at 
the  injection  point  of  the  beam. 

In  order  to  minimize  the  emittance  blow-up  of  the  H' 
injected  beam  into  the  AGS,  the  beam  parameters  of  the 
injected  H‘  beam  must  match  those  of  the  circulating 
beam  in  AGS  at  the  “injection  point”  (Fig.  2).  In  this 
write-up  the  ‘injection-point”  is  the  point  where  the  H‘ 
injected  beam  and  the  circulating  beam  intersect  the  plane 
of  the  stripping  foil.  The  beam  parameters  of  the 
circulating  beam  in  AGS  at  the  “injection  point”  have 
been  calculated,  for  an  injection  beam  energy  of  1 .2  GeV, 
using  the  computer  code  AGS_BATE[4].  The  calculated 
beam  parameters  appear  in  Table  1.  The  proximity  of  the 
H'  injection  line  to  the  AGS  main  magnets  requires  that 
the  fringe  field  of  the  AGS  magnet  is  taken  into  account 
for  the  calculations  of  the  H‘  trajectories  and  the  beam 
parameters  at  the  injection  points.  In  order  make  the 
matching  calculations  easier,  we  have  selected  another 
point  “Matching  point”  (point  x,x’  in  Fig.  2).  The  beam 
parameters  at  this  point  were  calculated  using  the  beam 
parameters  at  the  “Injection_poinf’  and  the  first  order 
transfer  Matrix  (R)  between  matching  and  injection  point. 
The  R-matrix  was  calculated  by  tracing  the  H’  beam  in  the 
fringe  field  of  the  B20  and  COl  main  magnets  of  AGS. 


TABLE  1:  The  beam  parameters  at  the  “Injection  point” 
and  “Matching  point”  (see  text). _ 


Loc. 

Px[m] 

T1x[m] 

11  X 

Py[m] 

tty 

INJ. 

28.0 

-1.00 

-1.25 

-0.05 

8.00 

0.43 

MAT. 

26.6 

-1.32 

-1.00 

-0.10 

16.10 

1.75 

1 . 4  Handling  of  the  H  if  and  e'  beams. 


The  H"  injected  beam  will  not  be  stripped  totally  of 
its  electrons  by  the  stripping  foil,  therefore  the  emerging 
beam  from  the  foil  will  also  consists  of:  H'  ions,  H® 
particles  and  electrons  (e).  Except  for  the  fully  stripped  H' 
(protons)  the  rest  of  the  particles  must  be  “dumped”  into  a 
material  which  can  absorb  the  deposited  energy.  The 
different  rigidity  of  these  three  particles  species,  may 
require  specially  designed  beam  dumps[5]. 

2  ACCELARATION  OF  PROTONS 

The  proposed  main-magnet  cycle,  of  frequency  2.5  Hz. 
for  the  “neutrino  production”  operations,  requires  a  time 
interval  of  -90  msec  between  the  beam  injection  and 
extraction  .  This  fast  ramp  rate  of  the  AGS  main  magnets 
will  generate  eddy  currents  in  the  following  materials:  a) 
the  coils  that  power  the  magnet,  b)  the  1.9  mm  thick 
vacuum  chamber,  and  c)  the  iron  of  the  main  magnet.  The 
eddy  currents  will  generate  Ohmic  heating  in  the  coils  of 
the  magnets,  in  the  wall  of  the  vacuum  chamber,  and  in 
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the  iron  of  the  magnet  which  consists  of  laminations  3.2 
mm  thick  and  held  together  by  two  2.5  cm  thick  plates  at 
each  end  of  the  magnet.  The  eddy  currents  in  the  wall  of 
the  vacuum  chamber  will  also  generate  time  varying 
magnetic  multipoles  at  the  region  of  the  circulating  beam. 
The  Ohmic  effects  on  the  materials  mentioned  above  and 
the  multipoles  generated  by  the  eddy  currents  have  been 
studied  theoretically  and  appear  in  ref.  [2].  Figure  5  is  a 
plot  of  the  measured  temperature  in  the  wall  of  the 
vacuum  chamber,  when  the  coils  of  one  of  the  AGS 
magnets  is  powered  at  a  frequency  of  2.5  Hz. 

AGS  MAGNET  TEMP.  RISE 


Figure  5.  Temperature  in  the  wall  of  the  vacuum  chamber 
as  a  function  of  time.  The  temperature  levels  at  °C. 


Figure  6.  Schematic  diagram  of  the  Fast  Extracted  Beam 
in  AGS. 

3.2  Beam  Parameters  at  the  AGS  Extraction 
Point 

The  beam  transport  line  to  the  neutrino  target  is 
discussed  in  ref  [2].  The  beam  parameters  which  are  used 
in  the  optics  of  the  transport  line  from  the  AGS  to  the 
neutrino  production  target  have  been  calculated  [4]  and 
measured  experimentally [7]  and  appear  in  Table  2. 


3  BEAM  EXTRACTION  FROM  AGS 

At  present  the  AGS  synchrotron  is  equipped  with  a  Fast 
Beam  Extraction  (FEB)  system[6]  which  is  used  to 
extract  the  circulating  bunched  beam  in  AGS  to  the  AtR 
beam  transfer  line[7]  for  beam  injection  into  RHIC[7] 
and  to  the  g-2  experiment[6].  This  FEB  system  will  be 
used  for  the  extraction  of  the  28  GeV  high  intensity 
proton  beam  which  will  irradiate  the  “neutrino 
production”  target.  A  section  of  the  AtR  beam  transfer 
line,  which  is  used  to  transfer  the  extracted  beam  from 
AGS  into  the  Relativistic  Heavy  Ion  Collider  (RHIC), 
will  also  be  used  to  transport  the  28  GeV  proton  beam  to 
the  “neutrino  production”  target  [2].  Description  of  the 
FEB  system  has  been  written  in  ref.  [4,6]. 

3. 1  Layout  of  the  AGS  Fast  Extracted  Beam 
(FEB) 

A  schematic  diagram  of  the  Fast  Extracted  Beam  (FEB) 
in  AGS  is  shown  in  Fig.  6.  During  beam  extraction  the 
circulating  beam  is  “locally  bumped”  at  two  locations 
along  the  AGS  ring,  one  location  is  the  fast  extraction 
kicker  ( FK )  and  the  other  location  is  the  septum  magnet 
(HIO)  both  shown  in  Fig.  6.  The  bunched  beam  is  then 
extracted  (dotted  line  in  fig  6)  upon  the  firing  of  the  fast 
extraction  kicker  (FK)  shown  in  Fig.  6.  Finally  the  HIO 
septum  magnet  extracts  the  beam  into  the  AtR  transfer 
line. 


TABLE  2:  Theoretical  (Theo.)  and  measured  (Meas.) 
beam  parameters  at  ^e  “Extraction  point”  of  the  AGS. 


Loc. 

P,m 

Olx 

n’x 

Pyltl 

Oy 

EXT.  Theo. 

37.5 

-4.1 

-1.5 

-0.13 

6.5 

0.85 

EXT.  Meas. 

36.7 

-4.5 

7.7 

1.2 

4  CONCLUSIONS 

The  results  of  the  present  study  show  that  it  is  feasible  to 
inject  an  H"  beam  at  1.2  GeV  into  AGS  at  a  frequency  of 
2.5  Hz,  accelerate  it  to  28  GeV  and  extract  it  to  the 
neutrino  production  target. 
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Abstract 

As  one  of  the  most  critical  system  for  RHIC  operation, 
the  beam  abort  kicker  system  has  to  be  highly  available, 
reliable,  and  stable  for  the  entire  operating  range.  Along 
with  the  RHIC  commission  and  operation,  consistent 
efforts  have  been  spend  to  cope  with  immediate  issues  as 
well  as  inherited  design  issues.  Major  design  changes 
have  been  implemented  to  achieve  the  higher  operating 
voltage,  longer  high  voltage  hold-off  time,  fast  re¬ 
triggering  and  redundant  triggering,  and  improved  system 
protection,  etc.  Recent  system  test  has  demonstrated  for 
the  first  time  that  both  blue  ring  and  yellow  ring  beam 
abort  systems  have  achieved  more  than  24  hours  hold  off 
time  at  desired  operating  voltage.  In  this  paper,  we  report 
on  the  system  status  and  improvements. 

INTRODUCTION 

Each  RHIC  Beam  Abort  System  has  five  high  voltage 
modulators  located  inside  tunnel  directly  connected  to 
their  corresponding  magnet  sections.  There  are  two 
identical  systems,  one  for  each  of  the  RHIC  Blue  and 
Yellow  Ring.  The  kicker  system  charging  voltage  tracks 
the  beam  energy  during  beam  injection,  acceleration,  and 
storage.  Its  operation  range  is  from  4  kV  to  27  kV.  At  top 
beam  energy,  a  pulsed  current  of  18  kA  per  module  is 
required  to  clear  the  circulating  beams  from  the 
superconducting  ring.  The  charging  voltage  is  about  27 
kV  for  this  pulsed  output  current  level.  During  beam 
storage,  all  capacitor  banks  of  the  high  voltage  modulators 
will  maintain  at  commanded  voltage  level  for  up  to  ten 
hours  until  being  discharged. 

The  discharging  event  is  usually  a  normal  beam  abort  at 
the  end  of  store,  or  an  urgent  request  due  to  any  ring 
system  pulled  beam  permit.  Along  with  the  effort  to 
increase  instantaneous  and  integrated  beam  luminosity, 
the  improvement  and  advancement  of  the  existing 
modulator  systems  has  been  continuing. 

In  operation,  if  one  of  the  thyratrons  prematurely 
conducts,  the  beam  will  be  lost  around  the  ring.  With  high 
energy  and  high  intensity  beam,  this  beam  loss  can 
quench  the  superconducting  magnet  and  damage  valuable 
and  sophisticate  detectors  used  by  RHIC  experiment.  Like 
many  other  complicated  issues,  multiple  factors 
contributed  to  the  RHIC  Abort  Kicker  instability.  Besides 
the  known  high  voltage  problems  there  are  other 
phenomena  that  seem  to  be  related  to  the  beam  energy, 
beam  intensity,  beam  loss  level,  and  possibly  beam 
coupling,  etc.  With  engineering  design  and  construction 
issues  and  physics  issues  tangled  together,  the  analysis  of 
a  particular  event  is  often  inconclusive.  The  first  step  is  to 

*  Work  performed  under  Contract  Number  DE-AC02-98CH10886  with 
the  auspices  of  the  US  Department  of  Energy. 


solve  inherited  engineering  issues,  such  as  high  voltage 
break  down,  thyratron  reverse  arcing,  and  to  build  a  fast 
re-trigger  system  to  reduce  beam  spreading  in  event  of 
premature  discharge. 

HIGH  VOLTAGE  HOLD-OFF 
IMPROVEMENT 

The  high  voltage  modulator  of  the  RHIC  Beam  Abort 
Kicker  consists  of  a  Pulse-Forming-Network  in  series 
with  a  thyratron  switch.  Each  capacitor  bank  has  a 
capacitance  of  8.3  pF;  it  stores  3kJ  of  energy  at  27  kV.  Its 
high  voltage  section  had  a  history  of  arcing  but  difficult  to 
locate.  Usually,  a  corona  discharge  would  trigger  the 
thyratron  to  discharge  the  PFN.  Occasionally,  a  very  loud 
sparking  noise  can  be  heard. 

A  series  of  test  was  performed  on  the  prototype 
modulator  to  identify  problem  area.  Eventually,  a  large 
conductor  plate  made  of  sharp  copper  sheet  and  several 
insulators  with  metallic  inserts,  hiding  behind  an 
aluminum  extrusion  for  structure  support  and  front  panel 
mounting,  were  found  to  be  the  main  problem.  They  were 
improperly  designed  and  constructed.  The  removed 
conductor  plate  was  badly  discolored  and  showed  clear 
corona  marks  and  arcing  signs  along  its  edges.  It  was 
located  right  beneath  the  thyratron  anode  connection,  and 
its  corona  discharge  current  can  easily  set  off  the 
thyratron.  The  removed  insulating  material  and  high 
voltage  standoffs  were  found  to  have  had  internal 
discharges  due  to  closely  spaced  metallic  inserts  from  end 
to  end.  It  was  necessary  to  redesign  the  conductor  plate 
and  high  voltage  standoffs  that  can  fit  into  the  existing 
place  and  to  eliminate  the  corona  discharges  for  higher 
voltage  hold-off 

After  design  modification,  the  prototype  unit  voltage 
hold  off  level  was  largely  improved.  It  was  DC  tested  at 
30  kV  and  35  kV  for  eight  hours  continuously  for  several 
days.  All  ten  high  voltage  modulators  in  the  RHIC  ring 
were  modified  accordingly  to  gain  higher  voltage  hold- 
offs.  The  RHIC  Beam  Abort  Kicker  high  voltage 
modulators  was  tested  for  high  voltage  DC  hold-off  at 
desired  operating  reference  voltage  of  27kV  for  more  than 
36  hours  continuously  at  Yellow  Ring,  and  for  more  than 
60  hours  continuously  at  the  Blue  Ring.  The  DC  tests 
were  successful,  and  no  acing  or  corona  discharges  were 
observed  during  these  tests. 

FAST  RE-TRIGGER  SYSTEM 

A  temporary  fast  re-trigger  system  using  kicker  output 
current  read-back  signals  through  a  multi-channel  RF 
combiner  to  re-trigger  the  trigger  and  delay  generator  was 
adopted  for  a  quick  fix  during  2001-2002  operation.  This 
has  a  delay  of  2.5  ps  between  the  first  and  rest  channels 
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due  to  transmission  time  of  lengthy  signal  and  trigger 
cables  between  the  service  building  and  the  modulators 
located  in  the  ring.  A  re-trigger  system  with  less  delay  and 
wider  response  range  was  designed  and  implemented  later 
during  2001-2002  operation.  However,  the  partial  beam 
loss  was  still  big  enough  to  cause  experimenters  concern 
for  the  detectors. 

Prior  to  the  2003  operation,  the  re-trigger  system 
together  with  the  redundant  high  voltage  trigger 
generators  and  power  supply  were  moved  into  ring  to 
shorter  cable  length  caused  delays.  This  helps  reducing 
partial  beam  loss  to  an  acceptable  level  to  the 
experiments.  However,  the  semiconductor  devices  used  in 
the  present  version  is  not  intended  for  application  in  the 
radiation  area,  and  a  new  design  with  better  noise 
immunity  and  radiation  hardened  is  underway. 

SWITCH  EVALUATION 

The  hollow-anode  thyratrons  are  used  as  main  switch  in 
the  RHIC  Beam  Abort  Kicker  modulators.  Two  different 
models,  CX1575C  and  CX3575C,  are  being  used  in 
operation.  To  reverse  conduct  several  kilo-Amperes  of 
current  for  30  pS  requires  a  large  amount  of  plasma, 
which  well  exceeds  the  capability  of  any  hollow  anode 
thyratrons.  The  thyratrons  can  be  damaged  due  to  reverse 
arcing,  and  their  degradation  of  high  voltage  hold-off  has 
been  reported  [1]  [2].  Each  year,  several  thyratrons  have 
to  be  replaced.  Some  of  them  can  be  reconditioned  and 
some  are  permanently  damaged.  CX  1575C  was  the 
version  used  in  the  original  design,  and  the  CX3575C  is  a 
larger  version  of  CX1575C  with  higher  voltage  and 
current  capability.  It  performed  better  than  CXI  5 75 C  in 
the  test  stand  during  evaluation  [2].  Therefore,  all  the 
thyratrons  in  the  Yellow  Ring  system  were  changed  to 
CX3575C  during  2002  operation.  However,  this  change 
did  not  stop  the  misfire  situation  of  the  Yellow  Beam 
Abort  System,  and  two  CX3575C  had  to  be  replaced  soon 
after  their  installation. 

Many  attempts  were  made  to  stabilize  the  thyratrons  in 
operation.  The  reservoir  voltages  of  several  thyratrons 
have  to  be,  reduced  to  lower  the  gas  pressures  in  hope  to 
lessen  their  sensitivities  to  beam  operation.  Although 
reverse  arcing  is  a  damaging  factor  to  ^yratron,  but  this  is 
usually  a  gradual  degradation  of  the  voltage  hold-off 
capability.  The  damage  patterns  from  recently  replaced 
thyratrons  suggest  the  damage  induced  by  die  misfire 
without  sufficient  plasma  ionization  ruins  thyratron  much 
faster  and  drastic  than  under  normal  operation  condition. 
The  Blue  Ring  Beam  Abort  Kicker  System  has  a  much 
lower  rate  of  misfiring,  and  the  thyratrons  are  lasting 
much  longer. 

The  premature  discharge  problem  during  this  run  has 
some  association  to  the  re-triggering  system  moved  into 
the  ring.  The  output  current  read-back  cables  bring  the 
beam  signal  and  other  noises  into  the  re-trigger  system 
inputs.  The  large  amplitudes  of  noises  and  beam  signal 
can  cause  trigger  misbehavior  or  induce  output 
oscillation.  Several  modifications  were  made  to  improve 


its  noise  susceptibility,  and  filters  were  added  to  the 
thyratron  grids  inside  high  voltage  modulators. 

To  further  improve  the  switch  performance,  a  new  gas 
switch  HX3002  developed  by  E2V  has  been 
recommended  as  a  possible  candidate  for  RHIC  Beam 
Abort  Kicker  application.  This  switch  is  capable  of  high 
reverse  current  conduction.  It  is  designed  for  low 
repetition  rate,  high-energy  pulser  applications,  such  as 
crowbar  switch  [3].  Figure  1  shows  both  CX1575C 
thyratron  and  HX3002  gas  switch. 


Figure  1 :  A  CX1575C  thyratron  and  a  HX3002  gas  switch 

The  HX3002  gas  switch  is  rated  for  38  kV,  20  kA  peak 
forward  conduction.  Its  reverse  current  capability  was 
factory  tested  to  17  kA.  The  RHIC  Beam  Abort  Kicker 
operation  range  is  from  4  kV  to  27  kV.  The  required 
output  current  at  27kV  is  about  18kA.  We  tested  the 
HX3002  with  a  low  energy  pulser  from  5kV  to  35  kV, 
with  3500  pulses,  and  hi-potted  it  at  38  kV  for  more  than 
20  hours  after  the  pulse  test.  The  full  energy  pulse  test  in 
the  RHIC  Beam  Abort  prototype  module  was  performed 
up  to  30  kV,  with  5kV  increments,  for  about  2000  pulses. 
At  30  kV,  the  current  reached  21.69  kA  peak.  The 
waveform  obtained  from  this  switch  tube  is  identical  to 
the  one  with  thyratron.  A  single-shot  L-C  oscillation  test 
was  done  at  30  kV  level,  the  current  swing  between  +/-  14 
kA,  as  shown  in  figure  2.  Again,  no  damage  or 
degradation  was  observed.  This  bi-direction  capability  is 
far  superior  to  a  thyratron. 

It  has  been  installed  in  one  of  the  Yellow  ring  high 
voltage  modulators  recently  to  test  under  real  operation 
environment.  The  Base  moimting  dimensions  of  hollow 
anode  thyratron  CX1575C,  CX3575C,  and  HX3002  are 
identical.  The  HX3002  is  slightly  shorter  than  the 
thyratrons,  therefore  easy  to  fit  in  the  thyratron  mounting 
position.  To  reduce  the  chance  of  gas  breakdown  under 
high  voltage,  a  double  trigger  pulsed  ionization  scheme  is 
selected.  In  this  method,  no  DC  pre-ionization  is 
provided,  and  is  assumed  to  be  less  likely  to  self-conduct. 
A  30  Amperes  current  trigger  is  provided  to  drive  the  gas 
tube,  and  the  anode  delay  time  is  around  0.7  ps.  This 
current  was  found  to  saturate  the  existing  high  voltage 
isolation  pulse  transformer  used  for  thyratron  triggering. 
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and  a  coaxial  trigger  transformer  made  of  high  voltage 
cable  and  ferrite  ring  was  constructed  to  replace  it. 


Figure  2:  HX3002  oscillating  current  waveform  at  30kV, 
+/-  14  kA  operating  condition. 

CONCLUSION 

Consistent  performance  improvement  has  been 
achieved  in  RHIC  Beam  Abort  Kicker  systems.  The 
future  investigation  will  focus  on  the  following  issues: 

The  Blue  and  Yellow  Ring  Beam  Abort  Kicker  System 
are  assumed  to  be  identical,  and  no  apparent  difference 
has  been  found.  But,  the  Blue  Ring  Beam  Abort  Kicker 
System  is  much  more  stable  than  the  Yellow  one. 

The  beam  passing  through  the  kicker  aperture  couples 
to  the  kicker  magnet.  The  kicker  magnet  pulse  current 
transformers  show  clear  beam  current  signals.  There  is  a 
signature  that  can  be  detected  on  all  kicker  current 
transformers  prior  to  each  misfire.  The  kicker  will  usually 
respond  to  it  in  a  few  hundred  nanoseconds  to  a 
microsecond  dependant  on  its  magnitude.  The  threshold 
of  the  kicker  response  has  been  increased,  but  with  higher 
beam  energy  and  higher  intensity  the  struggle  continues. 
This  signature  is  common  to  all  units,  and  is  therefore 
assumed  to  associate  with  structures  such  as  beam 
chamber,  grounding,  beam  property,  etc.  Figure  3  shows  a 
typical  misfire  situation,  where  a  sudden  change  in 
channel  4  signal  followed  by  the  kicker  current  rise.  In 
this  setup  the  channel  4  is  set  at  very  high  gain  to  detect 
the  event.  The  currents  in  two  other  channels,  with  lower 
scope  gain,  and  a  beam  bunch  pick  up  signal  are  also 
shown.  The  sweep  time  is  about  5  ps.  Since  all  beam  loss 
monitors  in  the  RHIC  ring  around  sector  9  and 
downstream  of  it  are  integrator  type,  the  response  time  is 
too  slow  to  detect  it.  The  time  resolution  of  vacuum 
pressure  change  sampling  is  in  millisecond  domain,  there 
is  no  fast  detection  available  to  diagnose  transient  event  in 
vacuum.  Meanwhile,  the  kicker  itself  is  the  device  fast 
enough  to  detect  the  phenomenon.  Twelve  PIN  diodes 


detectors  are  to  be  installed  around  the  beam  abort  kickers 
to  assist  diagnostics. 


Figure  3:  A  typical  premature  discharge  following  a 
signature  event  detected  by  the  pulse  current  transformer 


To  use  a  resonant  charge  power  supply  to  charge  up  the 
capacitor  banks  in  a  few  millisecond  upon  receiving  the 
beam  abort  command  has  been  suggested.  In  this  way,  the 
main  switch  of  the  high  voltage  modulators  will  be 
unstressed  most  time  during  beam  operation,  and  only 
under  high  voltage  stress  for  a  few  milliseconds  right 
before  beam  abort.  This  shall  provide  better  operation 
stability  and  is  being  studied. 
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Abstract 

The  CERN  PS  electrostatic  septum  consolidation 
program  is  coming  to  completion  after  almost  4  years  of 
development.  The  program  was  started  to  fulfil  the 
increased  requirements  on  vacuum  performance  and  the 
need  to  reduce  the  time  necessary  for  maintenance 
interventions.  The  new  design  of  septum  31,  used  for  the 
so-called  ’continuous  transfer’  5 -turn  extraction,  and  the 
related  construction  issues  will  be  presented  together  with 
the  operational  experience  gained  during  the  PS  2002  run. 
In  addition,  the  experience  of  two  years  of  operation  with 
the  new  generation  septum  23,  used  for  a  resonant  slow 
extraction,  will  be  briefly  discussed.  The  continued 
development  undertaken  since  its  installation  in  the  PS 
ring  in  2001  will  also  be  described. 

INTRODUCTION 

A  consolidation  program  was  started  for  the 
electrostatic  septa  in  the  CERN  PS  accelerator  4  years 
ago.  In  2001  redesigned  and  newly  constructed  for 
septum  23  was  put  into  operation  [1],  and  is  used  for  a 
resonant  slow  extraction  towards  the  East  Hall 
experimental  area  [2].  Septum  31,  constructed  almost  20 
years  ago,  is  used  for  the  so-called  ‘continuous  transfer’ 
(CT)  5-tum  extraction  towards  the  SPS.  This  septum  used 
technology  for  its  vacuum  and  displacement  systems  that 
is  now  outdated.  It  was  decided  to  consolidate  this  high 
performance  electrostatic  deflector  31,  analogue  to  the 
new  design  of  septum  23,  keeping  in  mind  the  high 
operational  and  maintenance  constraints.  Parallel  to  this 
effort,  a  development  based  on  the  existing  anode  design 
has  checked  the  possibility  to  construct  the  septum  23 
bakeable  up  to  100  °C. 

OPERATIONAL  EXPERIENCE 

The  new  version  of  septum  23,  installed  in  the  PS  ring 
in  2001,  remained  in  the  accelerator  for  a  period  of  two 
years  without  any  failures.  Previously,  the  septum  would 
have  been  removed  from  the  machine  after  one  year, 
stored  for  one  year  to  allow  radiation  levels  to  decay  and 
then  been  subjected  to  an  overhaul  procedure  to  restore  its 
full  operational  capacity.  With  the  new  generation  septa, 
the  increased  operational  lifetime  has  now  significantly 
reduced  the  maintenance  required  and  hence  the  radiation 
exposure  of  personnel.  The  maintenance  requirements 
have  now  been  reduced  to  a  3-monthly  oil  change  on  the 
high-voltage  feedthrough  followed  by  a  short  period  of 
reconditioning.  The  short  HV  cable  between  the  cathode 
and  the  resistance  is  changed  annually. 

Due  to  the  improved  vacuum,  as  the  pressure  in  the 
main  vessel  has  now  reached  levels  of  approximately 
2x10'^  mbar,  with  even  1.7x10*^®  mbar  recorded  after 


operating  the  titanium  sublimators,  virtually  no  dark 
current  (<  2  fiA)  has  been  recorded  during  the  accelerator 
runs. 

The  new  septum  31,  used  for  continuous  transfer,  to  the 
SPS  [3],  has  been  installed  for  the  2002  physics  run. 
Throughout  this  run,  a  pressure  of  8x10'^  mbar  was 
normal  and  even  pressures  of  5.4x10'^° mbar  were 
measured  following  sublimation,  better  than  one  order  of 
magnitude  compared  with  the  previous  generation  of 
septa. 


Figure  1:  Septum  31  diffuser  array  at  beam  entry  point  of 
aluminium  septum  support 


Due  to  the  beam  slicing  nature  of  the  extraction 
method,  the  septum  foil  is  susceptible  to  overheating  and 
warping  from  the  direct  impact  of  the  beam.  To  reduce 
this  effect,  a  diffuser  is  fitted  to  the  upstream  side  of  the 
septum.  This  diffuser  consists  of  an  array  of  tungsten- 
rhenium  wires,  of  diameter  100  /un,  spaced  by  5  mm  (see 
fig.  1),  which  creates  a  localised  beam  blow  up  and  has  a 
diluting  effect  in  the  region  of  the  foil. 

In  the  future,  septum  31  might  benefit  from  a  new 
extraction  method  which  will  reduce  even  further  the 
direct  beam  losses  on  the  foil  [4].  In  the  meantime  the 
septum  will  continue  to  be  replaced  at  yearly  intervals. 

Following  installation  in  the  accelerator  the  septa 
undergo  a  conditioning  period  when  the  voltage  is 
increased  progressively  to  a  maximum  of  250  kV  for  the 
large  gap  (30  mm)  and  235  kV  for  the  small  gap  (20  mm). 
The  upper  voltage  limit  is  imposed  by  the  condition  of  the 
main  HV  cables  in  the  accelerator.  The  cable  insulation 
properties  have  been  deteriorated  due  to  the  effects  of 
ageing  and  ionising  radiation  in  the  accelerator. 

Prior  to  installation  in  the  accelerator,  the  septa  are 
conditioned  in  the  test  laboratory,  at  280  kV  for  the  large 
gap,  and  250  kV  for  the  small  gap. 
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NEW  GENERATION  SEPTUM  31 

The  septum  31  uses  the  same  proven  high  voltage 
technology  as  septum  23,  with  the  main  parameters 
shown  in  table  1. 


Table  1:  Main  parameters  of  septum  31 


Cathode  length 

1850 

mm 

Operational  gap  width 

26 

mm 

Theoretical  beam  deflection 

1 

mrad 

Beam  momentum 

14 

GeV/c 

Operational  voltage 

178 

kV 

Septum  foil  thickness 

0.1 

mm 

The  aluminium  ‘C’  shaped  septum  support  holds  a 
100  ^m  thick  molybdenum  foil  which  is  pre-tensioned  to 
provide  a  flat  surface.  The  molybdenum  sheets  are  hand 
polished  using  an  average  grain  size  ceramic  powder  of 
between  2-3 /tm,  which  results  in  a  mirror  finish. 
Mounted  above  the  aluminium  support  is  a  hand  polished 
deflector  which  provides  protection  against  titanium 
sublimation  on  the  active  parts  of  the  high  voltage 
assembly  (see  fig.  2). 


Figure  2:  Septum  prior  to  installation  in  PS 

The  high  voltage  feedthrough,  rated  at  300  kV,  uses 
Shell  Diala  B  oil  for  insulation  purposes  and  is  fitted  with 
Peralumam  PRE  30  (Peral)  deflectors  which  are  anodised 
in  a  sulphuric  acid  solution.  A  ceramic  tube,  connected  to 
a  wire-wound  ceramic  resistance,  forms  the  main 
supporting  structure  for  the  feedthrough.  The  resistance 
decouples  the  cathode  from  the  supply  cable,  to  limit  the 
energy  discharged  when  sparking  occurs  between  the 
cathode  and  septum. 

The  polished  Peral  cathode  is  anodised  in  a  chromic 
acid  solution  which  increases  its  voltage  breakdown  limit. 
The  cathode  is  supported  on  ceramic  rods  fitted  with  Peral 
and  stainless  steel  deflectors.  The  ceramic  rods  are 
cleaned  by  powder  blasting,  using  ceramic  powder  of 
100  ^m  average  grain  size.  The  deflectors  are  dry  hand 
polished,  mirror  finished  for  the  stainless  steel  type, 


whilst  the  Peral  deflectors  are  polished  and  then  anodised 
in  a  sulphuric  solution. 

The  positioning  systems  for  septum  31,  being  of  a 
similar  modular  nature  to  septum  23,  allow  for  precise 
movements  in  the  radial  and  angular  directions  for  the 
septum,  and  radial  displacement  for  the  cathode.  The 
radial  positioning  system  provides  a  resolution  of  0.1  mm, 
with  a  0.01  mrad  resolution  in  the  angular  system.  The 
supporting  mechanical  bearings  for  septum  23  are 
installed  in  the  vacuum  tank,  but  for  septum  31  they  have 
been  externally  mounted,  to  further  improve  the  vacuum. 
The  vacuum  tank  is  UHV  compatible,  and  equipped  with 
“Wheeler”  type  flanges  at  each  end.  All  vacuum  joints  are 
made  of  silver  plated  copper  and  are  bakeable. 

In  the  event  of  a  failure,  the  high  voltage  feedthrough 
can  be  removed  from  the  tank  in  situ,  without  the  need  to 
remove  the  complete  tank  from  the  accelerator,  as  was  the 
case  with  the  previous  generation  septa.  This  was 
facilitated  by  the  addition  of  an  intermediate  flange  on  the 
vacuum  tank. 

To  ensure  RF  impedance  continuity,  multi-contacts 
have  been  installed  between  the  entry  and  exit  points  of 
the  vacuum  tank  and  the  septum  support.  The  contacts 
have  been  fitted  to  stainless  steel  plates  to  allow  for  rapid 
dismantling,  thus  reducing  radiation  exposure  of 
personnel,  see  figure  3.  The  addition  of  the  improved 
contact  array  has  successfully  eliminated  parasitic 
resonances  which  were  found  on  the  previous  generations 
of  septa.  The  septum  support  is  equipped  with  a  slot, 
allowing  insertion  of  a  beam  pick-up.  This  slot  was  found 
to  be  generating  two  major  resonances.  The  slot  has  now 
been  fitted  with  a  cover  with  RF  spring  contacts, 
successfully  eliminating  the  dangerous  resonances. 


Figure  3:  RF  multi-contacts  for  impedance  continuity 

SEPTUM  23  BAKEABLE  SUPPORT 

Investigations  were  carried  out  to  assess  the  suitability 
of  the  aluminium  septum  support  as  a  bakeable  system,  to 
achieve  even  better  vacuum  levels.  The  main  problem  is 
thermal  expansion  of  the  complete  tensioned  assembly 
dimng  bakeout,  resulting  in  warping  of  the  molybdenum 
foil.  Due  to  the  difference  in  thermal  expansion 
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coefficients  between  aluminium,  stainless  steel  and 
molybdenum,  the  resulting  stress  levels  in  the  sheet 
exceed  the  elastic  limit  of  the  material.  During  cooling  the 
tension  is  reduced  and  the  sheet  adopts  a  corrugated 
profile.  To  reduce  these  thermal  effects,  the  tensioner  was 
rebuilt  using  titanium  and  stainless  steel  and  the  original 
stainless  steel  rods  were  replaced  by  molybdenum  rods. 
Slits  have  been  chemically  etched  into  the  molybdenum 
foil  to  reduce  the  effect  of  differential  expansion.  Figure  4 


Figure  4:  Cross-section  of  bakeable  septum 


A  finite  element  analysis  of  the  electric  field  was 
carried  out  and  the  results  show  that  although  the  good 
field  region  is  more  uniform  it  is  reduced  in  the  vertical 
direction  to  40  mm  compared  to  42  mm  in  the  operational 
septum,  see  figure  5. 


Figure  6:  Surface  flatness  after  bakeout  at  100  °C 

The  prototype  septum  was  assembled  and  underwent 
two  bakeout  cycles  at  100  °C,  each  followed  by  venting 


with  nitrogen  and  verification  of  the  condition  of  the  foil. 
It  was  found  that  after  the  second  bakeout  cycle,  the  foil 
retained  its  tension  and  the  flatness  of  the  sheet  over  the 
entire  length  of  the  septum  remained  well  within  the 
nominal  limit  of  100  /xm  (see  fig.  6).  High  voltage  testing 
is  currently  underway  to  verify  the  geometry  of  the 
titanium  nose  parts  (see  fig.  4),  which  have  been  installed 
closer  to  the  foil  in  order  to  mask  the  slits  from  the 
cathode. 


FUTURE  DEVELOPMENTS 

Further  development  of  a  bakeable  septum  23  will  be 
postponed  due  to  manpower  shortage.  The  next  step 
should  be  the  continuation  of  the  development  of  a 
stainless  steel  septum  support.  The  use  of  Invar  may  ,  be 
considered  due  to  its  extremely  low  coefficient  of  thermal 
expansion.  A  2.3  m  bakeable  support  for  septum  31  will 
also  be  studied  at  a  later  stage. 

The  adoption  of  3M  Fluorinert  as  a  replacement 
insulation  medium  for  the  high  voltage  feedthrough  is 
also  planned.  This  would  comprise  a  permanent  system  of 
regeneration  of  the  liquid  and  thus  reduce  the  possibilities 
of  breakdowns,  eliminate  the  need  for  the  current  3- 
monthly  oil  change  and  reduce  the  risk  of  contamination 
of  the  PS  vacuum  system  in  case  of  a  feedthrough  failure. 

A  suitable  high  voltage  cable  to  replace  the  existing 
type  in  use  in  the  PS  is  presently  being  sought. 

CONCLUSIONS 

Through  the  application  of  advancing  technology  the 
vacuum  levels  in  the  septa  tanks  were  improved  by  more 
than  one  order  of  magnitude.  The  performance  and 
reliability  of  septum  23  has  permitted  its  operational 
lifetime  to  be  increased  from  one  to  two  years.  This 
results  in  lower  radiation  exposure  for  the  personnel  and 
extended  cooling  time  for  the  reserve  septum.  There  have 
been  no  high  voltage  breakdowns  registered,  the  dark 
current  is  negligible  and  the  de-conditioning  effect  has 
become  noticeably  lower. 

The  adoption  of  standard  modular  displacement 
systems  reduces  the  necessary  amount  of  reserves  to  be 
kept  in  stock.  All  electromagnetic  septa  in  the  PS  are 
equipped  with  similar  displacement  systems,  thus 
provi^ng  for  easy  interchange  between  septa. 
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Abstract 

The  LHC  beam  dumping  system  must  safely  abort  the 
LHC  beams  under  all  conditions,  including  those 
resulting  from  abnormal  behaviour  of  machine  elements 
or  subsystems  of  the  beam  dumping  system  itself.  The 
extraction  channels  must  provide  sufficient  aperture  both 
for  the  circulating  and  extracted  beams,  over  the  whole 
energy  range  and  under  various  beam  parameters.  These 
requirements  impose  tight  constraints  on  the  tolerances  of 
various  extraction  channel  components,  and  also  on  the 
allowed  range  of  beam  positions  in  the  region  of  these 
components.  Operation  of  the  beam  dumping  system 
under  various  fault  states  has  been  considered,  and  the 
resulting  apertures  calculated.  After  describing  briefly  the 
beam  dumping  system  and  the  extraction  channel 
geometry,  the  various  assumptions  made  in  the  analysis 
are  presented,  before  deriving  tolerance  limits  for  the 
relevant  equipment  and  beam  parameters. 

INTRODUCTION 

The  beam  dumping  system  is  a  vital  element  of  the 
LHC,  where  340  MJ  of  energy  is  contained  in  each 
circulating  beam  and  where  a  single  nominal  intensity 
high  energy  bunch  could  melt  or  damage  a  metallic 
surface  [1].  The  concept  of  the  beam  dumping  system  is 
to  fast-extract  the  beam  in  a  loss-free  way  from  each  ring 
of  the  collider  and  to  transport  it  to  an  external  duxnp, 
positioned  sufficiently  far  away  to  allow  for  appropriate 
beam  dilution.  This  requires  a  particle-free  gap  in  the 
circulating  beam  for  the  rise  time  of  the  extraction  kicker. 

The  layout  of  the  system  under  construction  in  straight 
section  6  of  the  LHC  is  shown  in  Figure  1.  It  comprises 
for  each  ring  15  extraction  kicker  magnets  MKD  (3  ps 
rise  time,  0.27  mrad  horizontal  deflection),  15  steel 
septum  magnets  MSD  (2.4  mrad  vertical  deflection)  and 
10  modules  of  dilution  kicker  magnets  MKB.  The  beam 


dump  proper,  situated  in  a  cavern  750  m  from  the  centre 
of  the  septum  magnets,  comprises  the  TDE  core  and 
shielding  (total  weight  about  1000  tons). 

BEAM  PARAMETERS 

The  beam  dumping  system  must  be  able  to  accept  LHC 
beams  with  nominal  parameters  up  to  ultimate  intensity 
(e.g.  during  a  planned  abort  at  the  end  of  a  physics  run) 
and  also  beams  with  off-normal  parameters  (e.g.  as 
arising  from  an  equipment  failure  or  beam  instability),  in 
addition  to  variations  imposed  by  optical  effects  (e.g. 
beta-beating,  tuning  range).  The  beam  characteristics  are 
well  known  for  the  LHC  nominal  beam;  however,  the 
characteristics  of  the  planned  commissioning  and  early 
years  beams  are  also  taken  into  account,  as  for 
completeness  is  the  ultimate  beam.  The  relevant  worst- 
case  beam  characteristics  (LHC  V6.4)  to  be  expected  at 
point  6  have  been  presented  [2]  and  are  given  in  table  1. 


Table  1.  Maximum  assumed  LHC  beam  characteristics. 


Beam 

Max  e„ 

Total 

Beta 

Total 

450  GeV 

7TeV 

Orbit 

variation 

P+ 

Iim 

mm 

% 

10*^ 

Commission 

6.0 

12.0 

±4 

42 

0.3 

Early  Years 

6.0 

12.0 

±4 

42 

0.8 

Nominal 

7.5 

15.0 

±4 

42 

3.1 

Ultimate 

7.5 

15.0 

±4 

42 

5.3 

FAILURE  MODES 

The  beam  dumping  system  acts  at  the  request  of  the 
machine  protection  system,  which  collects  the  status  and 
messages  from  all  critical  machine  subsystems.  Although 
great  effort  is  undertaken  in  maximising  the  reliability  of 
the  dumping  system  (e.g.,  appropriate  margins, 
redundancy,  autonomy,  failure  tolerant  signal 
transmission,  and  by  monitoring  of  all  vital  parameters), 
failures  cannot  be  totally  excluded  [3]. 
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One  serious  failure  is  an  unsynchronised  firing  of  the 
extraction  kickers  [4],  which  would  damage  the  steel 
septum  and  vacuum  chamber.  Protective  elements  (TCDS 
and  TCDQ),  are  therefore  placed  in  fi'ont  of  the  septum 
and  the  Q4  quadrupole  downstream  of  the  septum  [5], 

The  other  relevant  internal  beam  dumping  system 
failure  mode  is  the  ‘missing  module’  case,  where  only  14 
out  of  the  15  MKD  modules  trigger. 

The  effects  of  off-normal  operating  conditions  arising 
from  the  LHC  machine  proper  are  grouped  together  and 
treated  under  local  orbit  excursions  and  emittance  growth. 

APERTURE  FOR  CIRCULATING  BEAM 

From  [6],  for  the  normal  machine  the  specification  to 
be  met  is  ni  >  7.0.  For  this  analysis  an  extra  factor  1. 17  is 
added  to  the  p  for  variations  in  the  LHC  tune. 

At  TCDS 

The  TCDS  is  positioned  as  far  in  as  possible  to  the 
circulating  beam  axis.  Assuming  mechanical  and 
alignment  tolerances  5xt  =  ±lmm  for  the  TCDS,  with  a 
maximum  orbit  of  +2  mm,  the  curve  of  available  aperture 
versus  orbit  is  shown  in  Figure  2. 


I _ COx(mm)  I 

Figure  2.  Aperture  at  TCDS  for  circulating  beam  as  a 
function  of  local  beam  position. 

At  MSDC  vacuum  chamber 

The  outside  position  of  the  chamber  is  +28.2mm  (-20.2 
inside),  which  provides  a  fairly  comfortable  aperture  for 
the  circulating  beam,  where  at  an  orbit  excursion  of 
+4  mm  the  aperture  remains  above  nl  =  6.5. 


Figure  3,  Circulating  beam  aperture  at  MS  DCS  vacuum 
chamber  as  a  function  of  local  horizontal  beam  position. 


APERTURE  FOR  EXTRACTED  BEAM 
UNDER  NORMAL  CONDITIONS 

The  width  of  the  MSD  septum  and  the  assumed  closed 
orbit  errors  define  the  geometrical  shape  of  the  TCDS 
protection  element.  The  total  width  of  the  MSDC  septum 
and  vacuum  chambers  (including  tolerances)  is  28,3  mm. 
The  static  closed  orbit  is  assumed  to  be  held  to  ±2  mm. 
For  the  aperture  calculation  the  total  overshoot  of  the 
MKD  kicker  waveform  is  taken  to  be  10%  [7]. 

Nominal  case  - 15/15  MKD 

The  extracted  beam  is  centred  in  the  septum  gap  for  the 
nominal  case.  The  same  kick  is  imposed  from  450  GeV  to 
7  TeV  beam  energy.  The  available  apertures  as  a  function 
of  orbit  are  shown  in  figures  4  and  5,  Assuming  that  for 
Toss  free’  extraction  an  aperture  of  4  a  is  sufficient  at 
450  GeV,  and  6  ct  at  7  TeV,  the  respective  maximum  orbit 
excursion  should  stay  within  about  ±4.2  and  ±7.5  mm. 


Figure  4.  Aperture  at  450  GeV  for  extracted  beam  as  a 
function  of  ^e  orbit  in  the  nominal  15/15  MKD  case. 


Figure  5.  Aperture  at  7  TeV  for  extracted  beam  as  a 
function  of  the  orbit  in  the  nominal  15/15  MKD  case. 


Missing  module  case  - 14/15  MKD 

The  worst  missing  MKD  module  is  the  MKDl;  in  this 
case  the  deflection  at  the  TCDS  is  91.96%  of  the  total, 
and  the  beam  approaches  the  TCDS.  The  available 
apertures  at  450  GeV  and  7  TeV  as  a  function  of  orbit  are 
shown  in  figures  6  and  7,  Here,  for  even  moderate  orbit 
excursions,  the  TCDS  will  receive  beam  in  the  event  of  an 
MKD  missing,  with  the  attendant  risk  of  quenches  in 
downstream  super-conducting  magnets  or  TCDS  damage. 
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Figure  6.  Aperture  at  450  GeV  for  extracted  beam  as  a 
function  of  die  orbit  in  the  14/15  MKD  case. 


function  of  the  orbit  in  the  14/15  MKD  case. 

APERTURE  FOR  EXTRACTED  BEAM 
FOR  OFF-NORMAL  LHC  OPERATION 

The  dump  channel  must  also  accept  off-normal  LHC 
operating  conditions,  manifested  as  fast  orbit  excursions 
and/or  an  emittance  increase.  These  events  are  certain  to 
occur  during  the  LHC  lifetime,  and  dump  actions  are 
highly  likely  to  be  associated  with  unstable  or  off-normal 
beam  conditions,  so  the  possible  range  of  parameters  must 
not  result  in  damage  to  the  LHC,  including  the  dumping 
system  itself.  Ideally  these  failures  should  also  not  result 
in  any  losses  in  the  extraction  channel. 

TCDS  damage  limits 

For  the  various  parameters  described  in  table  1,  together 
with  the  nonrunal  and  14/15  MKD  case,  the  aperture  of  the 
dump  channel  was  evaluated  and  the  resulting  impacting 
number  of  protons  on  the  TCDS  calculated  and  compared 
to  the  assumed  damage  limit.  Full  details  can  be  found  in 

[2];  the  main  results  are: 

■  Orbit  excursions  of  up  to  ±4  mm  should  be  tolerable 
without  damage,  up  to  nominal  intensities, 

■  Emittance  increases  of  x2  /  x4  are  safe  at  450GeV  / 
7TeV  respectively,  but  may  produce  Q4  quenches  at 
low  energy  for  large  orbit  excursions, 

■  The  14/15  MKD  case  will  produce  losses  on  the 
TCDS  and  a  quench  of  the  Q4  magnet. 


FURTHER  SYSTEM  IMPROVEMENTS 

The  scope  for  low-cost  improvement  is  limited  since 
the  extraction  channel  design  is  essentially  finished, 
tunnelling  is  completed  and  hardware  construction  well 
advanced.  However,  the  possibility  of  an  increase  in  the 
aperture  of  the  MSDC  magnets  via  a  new  vacuum 
chamber  design  is  still  being  pursued, 

CONSEQUENCES 

The  aperture  of  the  dump  channel  is  limited,  especially 
for  off-normal  operating  conditions  of  the  dump  system 
itself  or  of  the  LHC  machine.  The  limits  have  been 
quantified  at  different  energies  and  under  various  realistic 
failure  scenarios.  The  following  points  should  be  retained: 

1.  Orbit  control  (feedback)  will  be  needed  to  achieve 
sufficient  aperture  for  the  circulating  beam  of  nl  =  6.5, 

2.  Operation  during  commissioning  and  ‘early  years’  is 
not  expected  to  be  limited  by  the  dump  aperture, 

3.  For  normal  operation,  with  realistic  failure  cases,  orbit 
excursions  of  up  to  ±4  mm  should  be  tolerable  without 
damage,  up  to  nominal  intensities, 

4.  Emittance  increases  of  x2  /  x4  are  safe  at  450GeV  / 
7TeV  respectively,  but  may  produce  Q4  quenches  at 
low  energy  for  large  orbit  excursions, 

5.  The  14/15  MKD  case  will  produce  losses  on  the 
TCDS  and  Q4  quench. 

6.  Reliable  interlocldng  at  about  ±4  mm  of  the  local 
beam  position  in  point  6  is  absolutely  necessary. 
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Abstract 

The  Recycler  Ring,  an  8  GeV  antiproton  accumulator, 
is  being  commissioned  at  Fermilab.  Antiproton  transfers 
in  and  out  of  the  Recycler  Ring  take  place  through  two 
transfer  lines  connecting  the  Recycler  to  the  Main 
Injector.  Transfer  line  layout  and  operation  of  beam 
transfers  will  be  described.  Particular  attention  has  been 
paid  to  injection  mismatch  effects,  in  order  to  limit 
emittance  growth  during  transfers.  A  considerable 
improvement  has  been  achieved  by  removing  vacuum 
windows,  previously  present  in  both  transfer  lines. 

INTRODUCTION 

The  Recycler  is  a  fixed  8  GeV  kinetic  energy  antiproton 
storage  ring  [1],  which  makes  use  of  permanent  gradient 
and  quadmpole  magnets  for  the  ring  lattice.  It  is  located  in 
the  Main  Injector  tunnel  at  a  distance  of  57”  above  the 
Main  Injector  ring  and  with  the  same  basic  cell  geometry. 
Two  transfer  lines,  MI-22  and  MI-32,  connect  the 
Recycler  to  the  Main  Injector  [2].  The  MI-22  line  is  used 
to  transfer  antiprotons  from  the  Main  Injector  into  the 
Recycler,  following  a  clockwise  trajectory,  and  to  extract 
protons  from  the  Recycler  into  the  Main  Injector  in  the 
counterclockwise  direction.  Conversely  the  MI-32  line 
serves  as  antiproton  extraction  line  from  the  Recycler  into 
the  Main  Injector  and  as  proton  injection  line  into  the 
Recycler  for  commissioning  and  tune-ups. 


TRANSFER  LINE  LAYOUT 

The  MI-22  and  MI-32  lines  are  positioned  on  either 
side  of  the  MI  30  straight  section  in  the  Main  Injector, 
where  a  single  kicker  at  the  304  location  is  used  for  both 
transfer  lines.  Details  on  the  positioning  of  the  kickers  and 
associated  injection  and  extraction  Lambertson  magnets 
in  both  Main  Injector  and  Recycler  rings  are  summarized 
in  Fig.l. 

At  extraction  time  the  circulating  beam  is  kicked 
horizontally  by  1  mrad  to  enter  the  magnetic  field  region 
of  the  corresponding  Lambertson  magnet,  which  provides 
a  22  mrad  vertical  bend  of  the  appropriate  sign  to  initiate 
the  transfer  between  the  two  rings.  All  the  Lambertsons 
follow  a  same  design  (4  m  long,  1.68  kG)  which  makes 
use  of  permanent  magnet  material  [3].  Approximately  an 
odd  multiple  of  90  degree  phase  advance  is  mantained 
between  kickers  and  Lambertsons.  The  Main  Injector 
Lambertsons  are  placed  in  the  short  (three  half-cells) 
straight  sections,  while  the  Lambertson  magnets  in  the 
Recycler  fit  easily  even  in  the  bend  sections. 

The  distance  between  each  kicker  and  the  associated 
Lambertson  magnet  is  of  the  order  of  200  m.  To  reduce 
the  amplitude  of  the  orbit  oscillation,  induced  by  the 
kicker,  between  the  kicker  and  the  Lambertson,  an 
oscillation  of  approximately  half  the  amplitude  and 
shifted  by  180  degrees  in  phase  is  created  with  a  time 
bump.  This  oscillation  is  referred  to  as  a  counterwave  and 


Mi*30 


The  MI-22  transfer  line  extends  from  MI  LAM222  to  RR  LAM214  for  approximately  8  half-cells,  and  the  MI-32 
line  from  MI  LAM321  to  RR  LAM328  over  about  7  half-cells. 
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under  contract  No.  DE-AC02-76CH03000 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 


1649 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


MI  LAM222 


MI-22 


RR  LAM214 


RRLAM328 


i  ILaxnbertson 


«  Chradient 
maganet 

Qua<lrup  ole 


,  V’emier  IDipole 
- :  4-4-30  (VX>I>A> 

m-^7 


■  Pexmanenit  slccw^  quad 
c  Skoxv  quad  trim 

■  'V'eirtical  trim 

■  Horizontal  trim 

■  Quadrupole  trim 


Figure  2:  schematic  of  MI-22  and  MI-32  transfer  lines 
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intended  to  optimize  the  available  horizontal  aperture. 
The  resulting  orbits  of  circulating  and  injected/extracted 
beams  have  orbit  excursions,  opposite  in  sign,  up  to  a 
maximum  of  about  25  mm. 

Both  MI-22  and  MI-32  transfer  lines  match  closely  the 
lattice  functions  of  the  Recycler  ring  and  make  use  of  the 
same  quadrupole  and  gradient  permanent  magnets  of  the 
ring.  The  use  of  the  gradient  magnets  is  required  because 
the  transfer  lines  for  the  most  part  are  placed  in  an  arc  cell 
region.  The  detailed  layout  is  shown  in  Fig.  2.  In  addition 
to  the  vertical  bends  provided  by  the  injection  and 
extraction  Lambertsons,  which  are  of  equal  strengths  and 
opposite  sign,  two  additional  bends  of  the  same  strength 
and  opposite  sign  are  required  They  are  provided  by 
electromagnets  (named  VDPA  in  Fig.  2),  which  are  also 
used  as  safety  critical  devices. 

BEAM  TRANSFER  OPERATION 

Beam  is  transferred  in  and  out  of  the  Recycler  in  2.5 
MHz  bunches.  All  beam  transfer  operations  are  driven  by 
clock  events.  Hardware  devices  are  pre-loaded  with  all  the 
required  settings  for  manipulations  needed  to  inject  or 
extract  antiprotons  (or  protons  for  tune-ups).  A  specific 
set  of  clock  events  are  generated  to  indicate  to  the 
hardware  which  operation  to  perform.  The  extraction 
process  begins  when  the  hardware  components  decode 
these  clock  events.  Trim  dipoles  in  both  rings  set  the 
extraction/injection  counterwaves  just  prior  to  the  transfer 
time. 

The  transfer  line  devices  generally  run  in  DC  mode  as 
they  only  see  single  pass  beam.  Trim  dipoles  in  the 
transfer  lines  are  used  to  steer  the  beam  onto  the  closed 
orbit  of  the  downstream  accelerator  to  minimize  emittance 
dilution  due  to  steering  errors.  An  automated  procedure, 
which  uses  a  turn  by  turn  beam  position  detector  present 
in  both  Recycler  and  Main  Injector  rings,  extracts  position 
and  phase  of  the  injection  oscillation  and  computes  new 
settings  of  the  trim  dipoles  in  order  to  minimize  dilution. 


Steering  adjustments  down  to  a  quarter  of  a  mm  are 
routinely  achieved.  Powered  quadrupoles  were  installed  in 
each  transfer  line  for  aid  in  matching  lattice  functions 
between  transfer  lines  and  both  accelerators.  These  are 
currently  kept  off. 

Injection  and  extraction  efficiencies  larger  than  95%  are 
achievable  for  beams  of  about  10  n  mm-mrad  in  95% 
normalized  transverse  emittance  and  with  10'^  fractional 
momentum  spread. 

EMITTANCE  DILUTION 

During  commissioning,  beam  transfers  between 
Recycler  and  Main  Injector  have  been  showing  transverse 
emittance  dilution  effects.  Emittance  dilution 
measurements  were  performed  with  protons  injected  into 
the  Recycler  through  the  MI-32  line  and  then  transferred 
back  into  the  Main  Injector  through  the  MI-22  line.  The 
emittance  of  the  proton  beam  was  measured  in  the  Main 
Injector  before  injection  into  the  Recycler  and  just  after 
extraction  from  the  Recycler,  using  the  same  flying  wire 
system  installed  in  the  Main  Injector.  Measurements 
showed  a  cumulative  growth,  after  injection  closure,  of 
about  6  7t  mm-mrad,  in  95%  normalized  transverse 
emittance,  for  both  planes. 

An  emittance  dilution  of  this  size  is  unacceptable  for 
antiproton  operation.  The  expected  95%  normalized 
transverse  emittance  of  cool  antiprotons  from  the 
Accumulator  is  about  10  n  mm-mrad  and  that  of  cold 
antiprotons  from  the  Recycler  should  be  less  than  this. 
The  cumulative  emittance  growth  for  each  transfer,  due  to 
all  sources,  should  be  kept  below  1  te  mm-mrad. 

There  are  four  sources  of  emittance  dilution  during 
transfers  that  need  to  be  considered  [4] :  betatron  function 
and  dispersion  mismatch  between  the  transfer  line  and  the 
ring,  steering  error  into  the  ring  and  scattering  from 
vacuum  windows,  if  present.  In  the  following  formulae 
we  will  always  refer  to  95%  normalized  transverse 
emittance. 
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To  get  an  estimate  of  the  magnitude  of  the  expected 
dilution  due  to  a  betatron  function  mismatch, 

A£jy  =  ~  ^^^0 )  “  l]  ’  ^o’ 

we  compare  the  design  and  measured  Recycler  lattice 
functions.  For  an  initial  95%  normalized  emittance  of  10 
7C  mm-mrad,  we  get  less  than  1/2  n  mm-mrad  growth. 

The  dilution  due  to  a  dispersion  mismatch, 

=  in{YP)^^{Q,l  pf  ^ 

does  not  depend  on  the  initial  emittance,  but  rather  on  the 
momentum  spread,  Gp/p.  Assuming  a  Cp/p  of  10'^  and  a 
measured  dispersion  wave  of  about  0.5  meter,  the  growth 
is  predicted  to  be  less  than  1/2  7t  mm-mrad. 

Currently,  we  close  the  injection  oibit  onto  the  closed 
orbit  to  better  than  1/4  mm,  which  produces  negligible 
growth,  given  by 

jp- 


result  is  that  a  relatively  small  fraction  of  the  gas  load  at 
each  pump  is  allowed  to  flow  to  the  next  pump.  Three  150 
1/s  ion  pumps,  spaced  about  1.4  m  apart,  were  installed  in 
a  3  m  long  section  of  the  transfer  lines  closest  to  the  Main 
Injector.  Moving  towards  the  Recycler  ring,  as  the  gas 
load  gets  reduced,  a  150  1/s  titanium  sublimation  pump 
(TSP)  was  placed  at  about  7.3  m  from  the  last  ion  pump. 
Two  more  TSPs,  88  1/s  each,  were  placed  5.6  m  further 
away,  just  upstream  of  the  Recycler  Lambertson.  Next  to 
each  TSP  small  ion  pumps  of  30  1/s  are  mounted. 
Automatic  gate  valves  protect  the  Recycler  vacuum  in  the 
case  of  vacuum  accidents  in  the  Main  Injector  or  transfer 
lines.  The  system  has  been  proven  to  work  reliably  since 
installation,  providing  two  orders  of  magnitude 
differential  pressure,  from  10'*  to  10'^°  Ton*. 

Emittance  growth  measurements  for  the  round  trip  of 
protons  in  the  Main  Injector  were  taken  in  this  new 
configuration  without  vacuum  windows.  A  substantial 
improvement  is  observed,  as  shown  in  Fig.  3.  The  residual 
growth  is  probably  due  to  betatron  function  and 
dispersion  mismatch,  residual  steering  errors  and  kicker 
waveform  defects. 


Vacuum  windows  were  present  in  both  transfer  lines  in 
order  to  protect  the  10'^®  Torr  vacuum  in  the  Recycler 
from  the  few  10'*  Torr  vacuum  in  the  Main  Injector  and 
transfer  lines.  Due  to  safety  considerations,  the  Beryllium 
windows  in  the  original  design  were  replaced  by  0.003” 
Titanium  windows.  They  were  positioned  just  upstream  of 
the  last  gradient  magnet  before  injection  into  the  Recycler 
ring,  at  a  location  of  maximum  vertical  betatron  function, 
where  Pviatt=50  m  and  PHiatt==15  m. 

When  an  irreducible  emittance  growth  was  observed 
during  beam  transfers  to  and  from  the  Recycler,  the 
Titanium  windows  were  reconsidered  as  a  possible  cause. 
Each  vacuum  window  was  computed  to  contribute  to  a 
95%  normalized  emittance  growth  of  [5] 

=  ^n{yp)P^„el„„ 
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Figure  3:  cumulative  95%  normalized  transverse 
emittance  growth  after  vacuum  windows  were  removed 


where  0nns  is  the  projected  rms  scattering  angle  due  to 
multiple  Coulomb  scattering  through  the  material.  This 
gives  a  growth  of  4.2  7i  mm-mrad  in  the  vertical  plane  for 
each  window,  which  explains  most  of  the  measured 
effect.  The  observed  horizontal/vertical  symmetry  in 
emittance  growth  is  likely  due  to  betatron  coupling  in  at 
least  one  of  the  rings  or  transfer  lines. 

It  was  decided  to  replace  the  vacuum  windows  with  a 
differential  vacuum  pumping  system,  which  was  installed 
in  the  transfer  lines  during  the  January  ‘03  shutdown  [6]. 
This  system  has  to  deal  with  a  gas  load  of  about  5x10'^ 
Torr-l/s  from  the  Main  Injector  side  of  the  transfer  lines 
and  was  designed  to  fit  in  an  avaOable  free  space 
extending  over  a  length  of  about  15  m  in  the  upper  part  of 
the  transfer  lines,  close  to  the  Recycler  ring.  Pumps  are 
placed  with  significant  lengths  of  beam  pipe  between 
them  so  that  the  resulting  conductance  between  pumps  is 
much  less  than  the  pumping  speed  of  the  pumps.  The 
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Abstract 

The  MiniBooNE  neutrino  experiment  is  projected  to  take 
more  intensity  in  a  single  year  than  was  delivered  during 
the  seventeen  years  of  running  the  Fixed  Target  Program. 
The  experiment  will  require  almost  continuous  running 
(18,000  pulses/hour)  at  full  intensity  (5E12  protons  per 
pulse).  In  order  to  safely  handle  this  intensity  various 
measures  have  been  instituted.  The  design  of  the  beamline 
ensures  sufficient  clearance  between  the  beam  and 
apertures.  A  MiniBooNE  Beam  Permit  System  has  been 
installed  that  is  able  to  check  various  digital  and  analogue 
information  against  nominal  values  on  a  pulse  by  pulse 
basis.  An  automated  total  beam  loss  monitoring  system 
(electronic  berm)  measures  any  beam  loss  between  the 
beginning  and  end  of  the  line.  An  automated  correction 
system  (Autotune)  finds  and  corrects  minor  beam 
wandering.  A  description  of  the  beamline  design  and 
relevant  instrumentation  is  given. 

INITIAL  DESIGN 

The  first  consideration  in  the  design  of  the  very  high 
intensity  proton  beamline  was  to  make  the  size  of  the 
beam  pipe  large  with  respect  to  the  size  of  the  beam. 
Figure  1  shows  the  beam  envelope  and  the  apertures  along 
the  beamline.  There  were  two  major  obstacles  to 
achieving  this  goal.  First,  the  beamline  passes  underneath 
an  existing  service  building.  Typically,  a  FODO  channel 
is  used  to  keep  the  beam  tightly  focused,  but  in  this  case 
the  beam  had  to  pass  through  a  43  m.  berm  pipe.  The 
second  consideration  was  that  for  a  tight  focus,  the  beam 
should  be  large  in  the  final  focus  quadmpoles.  Using 
elements  with  large  apertures  (6-3-120  dipoles,  LEP 
trims,  and  LEP  quadmpoles)  ameliorated  both  problems. 

OPTICS  MEASUREMENTS  AND 
COMPARISON  TO  THEORY 

Dipole  Measurements 

To  measure  the  quadmpole  gradients,  each  dipole  trim 
magnet  was  varied,  and  the  change  in  beam  position  at 
each  BPM  was  recorded.  The  optics  program 

♦Operated  by  Universities  Research  Association,  Inc. 
under  contract  number  DE-AC02-76CH03000  with  United 
States  Department  of  Energy. 


TRANSPORT  was  used  to  find  the  quadmpole  gradients 
that  gave  the  best  fit  to  the  data.  Figure  2  shows  a 
representative  trajectory. 


Figure  1.  Beam  envelope  and  apertures.  The  lower  beam 
envelope  is  the  one  sigma  and  the  two  upper  traces  are  the 
95%  and  99%  with  momentum  folded  in.  The  assumed 
emittances  were  20  PI  and  a  dp/p  of  .1%.  The  line 
indicates  the  total  loss  monitor  coverage  and  the  dots 
indicate  the  location  of  individual  loss  monitors. 

Beam  Profile  Measurements 

To  measure  the  input  lattice  parameters,  each  profile 
monitor  was  inserted  into  the  beam,  one  at  a  time  to 
reduce  scattering,  and  the  beam  size  was  recorded. 
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TRANSPORT  was  used  to  vary  the  initial  beam 
parameters  to  find  the  best  fit  to  the  measured  profiles. 
The  calculated  beam  sizes  are  compared  with  the  measured 
profiles  in  Figure  (3). 


Figure  2.  Example  horizontal  and  vertical  dipole  changes 


[m] 


Figure  3.  Beam  sizes  compared  to  prediction 

Dispersion  Measurements 

To  measure  the  dispersion,  three  foils  of  different 
thicknesses  were  inserted  into  the  beam,  one  at  a  time,  at 
the  same  location.  For  a  given  foil  thickness,  the  energy 
loss,  and  hence  the  momentum  change  caused  by  the  foil, 
is  known.  The  changes  in  positions  at  the  downstream 
BPMs  were  recorded  for  each  foil  to  make  a  direct 
measurement  of  dx/(dp/p).  The  measurement  was  modeled 
in  TRANSPORT  and  the  comparison  between  the 


measured  data  and  predicted  dispersion  wave  is  shown  in 
Figure  (4),  with  the  error  bars  indicating  the  spread  in 
measurements  from  the  three  foils 


Figure  4.  Dispersion  measurements 


Local  Bumps  and  Target  Mults 

Local  bumps  were  developed  to  perform  aperture  scans 
during  commissioning.  Nominal  beam  positions  were 
defined  by  centering  the  beam  in  the  apertures.  Position 
and  angle  mults  were  developed  for  target  scans,  and  were 
used  in  conjunction  with  a  90  degree  monitor  to  center  the 
beam  on  target. 

AUTOTUNE 

An  automatic  beamline  correction  program,  Autotune, 
was  developed  to  aid  in  keeping  the  proton  beam  on  the 
nominal  trajectory  [1].  The  procedure  of  the  program  is  as 
follows:  for  every  trim  magnet  in  the  beamline,  the 
current  is  changed  by  a  small  amount  and  the  change  in 
position  at  every  BPM  is  measured.  The  measurements 
are  used  to  solve  the  linear  equations  relating  the  change 
in  current  to  the  change  in  position.  The  trim  magnets 
and  BPMs  are  chosen  such  that  the  matrix  can  be  inverted. 
Once  the  transfer  matrix  is  found.  Autotune  finds  the  trim 
currents  needed  to  correct  deviations  of  the  beam  from  the 
nominal  trajectory. 

BEAM  PERMIT  SYSTEM 

Beam  Permit  Systems  have  long  been  implemented  for 
various  accelerators  and  beamlines  at  Fermilab,  with 
inputs  generally  in  the  class  of  simple  go/no-go  status. 
The  new  MiniBooNE  Beam  Permit  System  hardware 
consists  of  a  supervisory  micro-controller  sampling 
multiple  analogue  and  digital  inputs  in  accord  with 
programmed  state  logic  and  delays  sensitive  to  accelerator 
clocks.  Limits  or  allowable  ranges  are  downloaded  to  the 
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micro-controller  via  the  Accelerator  Controls  Network 
(ACNET).  Sampled  results  are  compared  to  these  limits, 
and  out  of  limit  inputs  effect  a  trip  of  the  beam  permit 
system,  thereby  preventing  transfer  of  beam  until  the 
limit  situation  is  corrected  Up  to  eight  different 
sampling  times  are  accommodated,  with  the  process  of 
sampling,  determination,  and  trip  taking  less  than  100 
microseconds. 

The  Beam  Permit  System,  currently  in  use, 
successfully  prevents  beam  transport  when  monitored 
conditions  are  not  proper,  and  inhibits  repetitive  transport 
of  beam  when  beam  losses  or  other  conditions  are 
abnormal.  Monitored  quantities  include  analogue 
representations  of  magnet  power  supply  ramped  outputs, 
sampled  both  before  and  during  beam  extraction  to  the 
MiniBooNE  beamline,  and  all  of  the  beamline  loss 
monitors  (with  different  signal  time  constants),  which  are 
sampled  immediately  after  beam  transport.  There  is 
complete  coverage  of  the  beamline  with  long  loss 
monitors  and  spot  coverage  with  short  loss  monitors 
(shown  as  the  dots  in  Figure  1).  Loss  monitor  readings 
taken  during  the  dispersion  measurements  (described 
above)  also  demonstrated  that  the  total  loss  monitor  trip 
points  are  set  to  a  level  corresponding  to  a  0.02%  beam 
loss. 

E-BERM 

To  minimize  air  and  groundwater  activation  and 
radiation  in  areas  outside  the  overburden,  a  total  beam  loss 
monitoring  system  termed  an  Electronic  Berm  (E-Berm) 
was  developed.  The  E-Berm,  shown  in  Figure  5,  consists 
of  two  Pearson  3100  toroids,  associated  integrating 
electronics,  a  resistive  wall  monitor,  and  a  comparator 
module,  used  in  conjunction  with  two  toroid  calibration 
modules.  The  toroids  are  located  at  the  beginning  and  aid 
of  the  beamline.  The  comparator  module  calculates  the 
difference  between  the  two  toroids  for  each  pulse,  and  for 
the  sum  of  the  previous  ten  pulses.  The  instantaneous 
and  integrated  losses  are  designed  to  be  output  to  the 
radiation  safety  interlock  system,  which  automatically 
inhibits  the  next  beam  pulse  if  the  per-pulse  losses  are 
greater  than  6%,  or  if  the  average  losses  are  greater  than 
2%. 

In  addition  to  the  total  beamline  losses,  the  E-Berm 
checks  for  other  abnormal  conditions  on  each  pulse.  The 
timing  of  the  toroid  signal  in  the  integrator  gate  is  verified 
to  be  within  an  acceptable  envelope  by  comparison  with 
the  timing  signal  from  a  nearby  resistive  wall  monitor. 
The  beam-off  readings  of  the  two  toroid  integrators  are 
also  measured  and  checked  against  a  reasonable  interval,  to 
guard  against  integrator  failure.  Finally,  the  relative 
calibration  of  the  toroids  is  measured  for  each  beam  pulse. 
The  calibration  sequence  consists  of  a  series  of  10  current 
pulses  that  are  sent  through  a  toroid  calibration  loop  and 
read  back  through  an  integrator.  The  calibration  occurs 


simultaneously  for  both  toroids,  over  the  full  dynamic 
range  (0.5E11  to  5E12  protons  per  pulse)  of  the  beam 
intensity.  A  linear  regression  is  performed  on  the 
measured  and  ideal  values  of  the  integrated  toroid  output  in 
the  calibration  module.  Gain  and  pedestal  corrections  are 
obtained  for  each  toroid,  and  are  compared  with  an 
acceptable  range.  If  any  of  the  monitored  quantities  are 
abnormal,  the  system  is  designed  to  trip  the  radiation 
safety  interlock  system. 


Electronic  Berm  Block  Diagram 


Figure  5:  Electronic  berm  block  diagram 

CONCLUSION 

The  beamline  has  worked  very  well.  The  limitation  on 
MiniBooNE  intensity  has  been  Booster  losses;  however 
up  to  60%  of  the  design  intensity  has  been  transported  to 
the  target  with  minimal  losses  until  the  final  horn 
protection  collimator.  The  highest  contact  reading  before 
the  final  focus  region  is  less  than  10  millirem/hour.  The 
highest  contact  reading  in  the  final  focus  region  is  200 
millirem/hour  on  the  horn  protection  collimator. 
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Abstract 

The  design  and  performance  of  a  novel  crystal  deflector 
for  proton  beams  are  reported.  A  silicon  crystal  was  used 
to  channel  and  extract  70  GeV  protons  from  the  U-70 
accelerator  in  Protvino  with  an  efficiency  of  (85.3±2.8)%, 
as  measured  for  a  beam  of  '-^10^^  protons  directed  towards 
crystals  of  -2  mm  length  in  spills  of  ~2  s  duration. 
Experimental  data  agree  with  the  theoretically  predicted 
Monte  Carlo  results  for  channeling.  The  technique  allows 
one  to  manufacture  a  very  short  deflector  along  the  beam 
direction  (2  mm).  Consequently,  multiple  encounters  of 
circulating  particles  with  the  crystal  are  possible  with 
little  probability  of  multiple  scattering  and  nuclear 
interactions  per  encounter.  Thus,  drastic  increase  in 
efficiency  for  particle  extraction  out  of  the  accelerator 
was  attained.  We  show  the  characteristics  of  the  crystal- 
deflector  and  the  technology  behind  it.  Such  an 
achievement  is  important  in  devising  a  more  efficient  use 
of  the  U-70  accelerator  and  provides  crucial  support  for 
implementing  crystal-assisted  slow  extraction  and 
collimation  in  other  machines,  such  as  the  Tevatron, 
RHIC,  the  AGS,  the  SNS,  COSY,  and  the  LHC. 

INTRODUCTION 

The  use  of  bent  crystals  for  beam  extraction  in 
accelerators  is  under  development  at  several  laboratories. 
[1,2,3].  The  advantages  of  this  method  are  the  ease  of  its 
realisation,  feasibility  of  its  simultaneous  work  with 
collider  regime  or  with  internal  targets,  and  the  absence  of 
intensity  pulsations  because  no  resonant  blow-up  of  the 
beam  is  needed  to  direct  the  beam  onto  the  crystal  for 
extraction.  The  crystal  has  a  minimal  "septum  width",  and 
is  very  convenient  even  for  application  in  a  beam-loss 
localisation  system  as  a  coherent  scatterer  [4]. 

A  collaboration  of  researchers  working  at  the  70-GeV 
accelerator  of  IHEP  has  recently  achieved  a  substantial 
progress  in  the  parameters  of  crystal-assisted  beam 
deflection:  an  extraction  efficiency  larger  than  85%  has 
been  obtained  up  to  such  an  high  intensity  as  10^^  protons 
[4].  A  major  feature  of  such  reaching  was  the  usage  of 
very  short  crystals  for  extraction;  the  crystals  were 
selected  to  the  minimal  value  foreseen  by  the  physics  of 
channeling  [5,6].  Thereby,  the  circulating  particles 
encountered  the  crystal  many  times  and  suffered 
negligible  divergence  at  each  pass  due  to  reduced 
scattering  and  nuclear  interactions  in  the  crystal.  Multiple 
passage  of  particles  allowed  the  protons  to  be  eventually 


channeled  by  the  crystal  planes,  leading  to  the 
experimentally  recorded  high  efficiency. 

Fig.  1  shows  the  theoretical  prediction  [7]  made  for  the 
extraction  efficiency  at  70-GeV  proton  accelerator,  and 
the  figures  measured  in  the  campaign  of  measurements 
through  1997-2001  with  crystals  of  different  size  and 
design.  The  trend  is  clear  from  both  theory  and 
experiments:  the  shorter  the  crystal,  the  higher  the 
efficiency.  The  theoretical  plot  indicates  the  optimal 
crystal  length  for  the  conditions  of  the  70-GeV 
experiment,  i.e.  slightly  less  than  1  mm.  Indeed  such  a 
short  crystal  deflector  is  very  difficult  to  obtain.  In  this 
paper,  we  discuss  the  design  and  manufacturing  of  the 
crystal  deflectors  that  led  to  the  successful  execution  of 
experiments. 
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Fig.l  Crystal  extraction  efficiency  as  measured  and  as 
predicted  for  70-Gey  protons. 

CRYSTAL  BENDING  SYSTEM 

The  first  designs  of  short  crystals  appeared  in  literature 
in  1998  [3].  It  consisted  of  an  “0-shaped”  deflector  cut 
from  a  monolithic  piece  of  oriented  silicon.  Here  the 
bending  was  obtained  by  compressing  the  crystal  at  its 
middle  part.  Indeed,  this  method  is  npt  suitable  for  an 
efficient  deflection  with  a  crystal  shorter  than  5  mm.  Any 
attempt  to  reduce  this  length  resulted  in  poor  bending 
efficiency  as  it  is  clear  in  Fig.  1  with  the  “0-shaped”  3- 
mm  long  sample. 

Therefore,  a  new  design  to  produce  suitably  short 
sample  is  needed.  A  possibility  is  the  use  of  the 
anisotropic  properties  of  a  ciystal  lattice.  From  the  theory 
of  elasticity  it  is  known  (see  e.g.[8])  that  bending  a  crystal 
plate  in  the  longitudinal  direction  causes  some  "anticlastic 
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bending"  or  twists  appear  in  the  orthogonal  direction.  In 
that  case,  a  crystal  plate  obtains  the  shape  of  a  saddle, 
barrel,  or  a  pure  cylinder  depending  on  the  concrete 
anisotropic  properties  of  the  material.  The  surface 
equation  for  the  crystal  plate  in  the  ideal  case  of  the 
method  of  moments  discussed  in  [9]  is: 

y  =  —  -loc^ 

2Ru 

Where  y  is  the  direction  of  the  incident  beam,  x  and  z 
are  the  longitudinal  and  transversal  coordinates,  and  A:  is  a 
coefficient  depending  on  the  concrete  anisotropic 
properties  of  the  material  (see  Fig.  2).  For  k>0  this  is  the 
equation  of  a  hyperbolical  paraboloid  (saddle),  k<0  gives 
the  equation  of  an  elliptical  paraboloid  (barrel),  and  is 
for  a  parabolic  cylinder.  It  turns  out  that  the  first  case 
applies  to  Si  (111),  therefore  the  crystal  plate  obtains  the 
shape  of  a  saddle  as  sketched  in  Fig:2.  The  orthogonal 
bending  of  a  narrow  crystal  plate  was  used  for  beam 
deflection. 


t" - Si  (111).*; 

Vi 


i: 

i; 


Kli 


Fig.  2  Scheme  of  the  bent  crystal  plate. 

In  our  case,  a  crystal  plate  of  silicon  may  be  shaped  like 
a  saddle  for  the  purpose  (Fig.  2).  The  technical 
advantages  of  such  a  deflecting  system  are  that  it  may  be 
easily  made  shorter  along  the  beam,  has  no  straight 
sections  in  bending,  and  needs  no  additional  material 
around  the  ’’legs". 


Fig.  3  Photo  of  crystal  bending  device  (on  the  left  is  a 
narrow  crystal  strip). 

The  crystals  were  manufactured  at  the  Semiconductors 
and  Sensors  Laboratory  of  the  University  of  Ferrara  as 


narrow  strips,  about  2  mm  along  the  beam.  The  metal 
holder  showed  in  Fig.  3  imparts  the  right  curvature  to  the 
samples.  A  strip  of  monocrystalline  silicon  was  bent  in 
the  longitudinal  direction  by  an  angle  of  about  100  mrad 
in  the  orthogonal  direction:  as  a  consequence  the  strips 
were  bent  in  the  orthogonal  direction  of  about  1  mrad. 
The  quality  of  the  strip  bending  was  preliminary  checked 
by  the  laser  system  described  in  Ref.  [8].  Then  the 
crystals  were  tested  directly  in  the  experiments  on  high- 
energy  accelerator. 


SAMPLE’S  PREPARATION 

The  starting  material  consisted  of  prime-grade,  (111) 
oriented,  525-pm-thick  silicon  wafers.  The  crystals  were 
sliced  to  form  0.5x50x2  mm^  (thickness,  height,  and 
length,  respectively)  by  means  of  a  mechanical  dicing 
saw.  The  length  of  2  mm  was  chosen  to  be  exposed  to 
steer  the  protons  in  the  collider  and  was  determined 
according  to  the  previous  considerations.  The  (111) 
crystalline  direction  was  intended  for  alignment  toward 
the  radial  direction  in  the  accelerator. 

A  crucial  methodology  for  the  achievement  of  high- 
performance  crystal  extractors  was  the  chemical  treatment 
of  the  samples  as  explained  in  next  section.  The 
preparation  of  the  sample  herewith  described  is  suitable  to 
remove  the  defects  induced  by  the  saw  at  the  beam  entry 
and  exit  facets  of  the  silicon  crystals.  Indeed,  mechanical 
slicing  of  the  samples  induces  a  large  amount  of 
scratches,  dislocations,  line  defects  and  anomalies  that 
would  reduce  the  overall  channelling  efficiency  of  the 
crystal.  According  to  the  experience  gained  through 
previous  runs  at  the  accelerator,  it  came  out  that  a  30  pm 
superficial  layer  was  ineffective  for  channeling.  We 
attributed  this  effect  to  the  presence  of  in-depth  lattice 
imperfections  induced  during  the  slicing. 

Thus,  we  attempted  the  removal  of  such  a  layer  by  a 
sequence  of  room-temperature  chemical  treatments  to  the 
surfaces  [10].  To  avoid  an  unwanted  sample  thinning,  the 
largest  surfaces  were  protected  by  Apiezon  wax  while  the 
others  were  left  uncoated.  The  prime  treatment  was  a  wet 
planar  etching  (HF,  HNO3  and  CH3COOH  (3:5:3))  and 
the  timing  was  such  to  obtain  an  etching  depth  of  about 
30  pm.  The  samples  were  prepared  and  treated  in  clean- 
room  environment  (class  100)  to  avoid  material 
contamination,  which  would  locally  modify  the  etch  rates 
and  the  finishing  of  the  etch  ground. 

Preliminary,  the  first  process  stages  were  aimed  at  the 
removal  of  pollutants  such  as  greasy  or  metallic 
compounds.  The  wafers  were  degreased  in  trichloro¬ 
ethylene,  acetone  and  then  isopropanol.  A  two-stage 
cleaning  procedure  was,  then,  carried  out  to  remove 
organic  and  metallic  impurities  from  the  surface  of  the 
wafers.  The  samples  were  cleaned  in  solution  of  water, 
hydrogen  peroxide  and  ammonium  hydroxide  (5:1:1)  at 
75  for  10  min.  After  a  short  dipping  in  diluted  HF 
(10%  in  weight)  the  wafers  were  washed  in  water. 
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hydrogen  peroxide  and  hydrochloric  acid  (4:1:1)  at  75 
for  10  min.  The  specimens  were  cut  from  the  coated 
wafer  through  a  diamond-blade  saw  avoiding  any 
alignment  with  major  crystalline  axes. 

Finally,  the  entry  and  exit  facets  were  ready  for  the 
prime  chemical  etching  to  remove  the  mechanical 
damages  induced  by  the  blade.  The  wax  coating  was 
eventually  removed  according  to  standard  procedure  and 
the  resulting  samples  were  once  more  subject  to  a 
complete  cleaning  process. 


TESTS  WITH  HIGH-ENERGY  PROTONS 

The  new  crystal-deflectors  were  first  tested  in  an 
external  beam  of  70  GeV  protons.  Fig.  4  shows  a 
schematic  of  the  experimental  set-up.  The  incident  proton 
beam  was  monitored  by  scintillation  counters  SI,  S2.  The 
crystal  holder  in  the  beam  line  may  be  tilted  through  a 
goniometer  around  the  axis  orthogonal  to  the  proton  beam 
and  to  the  (1 1 1)  orientation  of  the  crystal.  The  rotation  of 
the  goniometer  can  be  imparted  as  steps  of  5  p.rad  each. 
The  optimum  crystal  orientation  was  obtained  by  tilting 
the  sample  through  a  goniometer  to  determine  the 
maximum  counting  rate  of  the  remote  scintillation 
counters  S3,  S4. 


Fig.4  Image  of  the  beam  deflected  with  chemically 
polished  crystal  (left)  and  mechanically  treated  (right). 

The  precise  measurement  of  the  profiles  of  the  bent 
beam  has  been  done  with  nuclear  photo-emulsions  placed 
outside  the  vacuum  chamber,  7  m  far  from  the  crystal. 

Fig.  4  shows  the  results  of  the  tests  for  the  chemically 
polished  deflectors  compared  to  the  deflectors  having 
mechanical  treatment  of  end  faces.  As  seen  from  the 
picture,  the  profile  of  the  beam  bent  by  a  chemically 
polished  crystal  is  more  uniform  and  sharp.  Its  width 
corresponds  to  the  crystal  thickness  once  the  beam 
divergence  within  the  critical  angle  of  channeling  (equal 
to  20  fxrad  for  70  GeV  protons)  has  been  taken  into 
account.  At  the  same  time,  the  beam  bent  by  a 
mechanically  polished  crystal  has  irregularities 


corresponding  to  an  angular  distortion  of  the  order  of  100 
p.rad. 

After  testing  in  an  external  beam,  the  crystals  were 
installed  in  the  IHEP  U-70  accelerator  ring  to  extract  the 
circulating  beam.  The  crystals  with  chemically  polished 
faces  have  shown  the  best  efficiency  for  beam  extraction 
—  up  to  a  value  larger  than  80%  [4].  New  crystals  can  be 
applied  for  beam  extraction  and  collimation  of  beams  at 
accelerators  in  a  broad  range  of  energies  as  shown  in 
Ref,  [4, 11].  One  of  the  major  applications  would  be  the 
use  in  large  colliders  such  as  the  LHC  as  a  collimation 
system. 
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Abstract 

The  DA^NE  Beam  Test  Facility  (BTF)  is  a  beam  trans¬ 
fer  line  optimized  to  produce  single  electrons  and  positrons 
mainly  for  high-energy  detectors  calibration  in  the  energy 
range  between  20  and  800  MeV.  The  BTF  has  been  suc¬ 
cessfully  commissioned  in  February  2002,  and  started  op¬ 
eration  in  November.  The  scheme  of  operation,  the  com¬ 
missioning  results,  as  well  as  the  first  users’  experience  are 
presented. 


DESCRIPTION  OF  THE  DA$NE  BTF 

The  Beam  Test  Facility  (BTF)  has  been  designed  [1]  to 
provide  a  defined  number  of  particles  in  a  wide  range  of 
multiplicities  and  energies,  mainly  for  detector  calibration 
purposes,  such  as  energy  calibration  and  efficiency  mea¬ 
surements  (in  single  electron  mode),  and  also  for  beam  di¬ 
agnostics  devices  and  detector  aging  (at  higher  intensities). 

The  BTF  is  part  of  the  DA^NE  accelerator  complex, 
consisting  of  a  double  ring  electron-positron  collider,  a 
high  current  linear  accelerator  (LINAC),  an  intermediate 
damping  ring  (Accumulator)  and  a  system  of  180  m  trans¬ 
fer  lines  connecting  the  four  machines.  The  LINAC  de¬ 
livers  electrons  with  energy  up  to  800  MeV,  with  a  typi¬ 
cal  current  of  500  mA/pulse,  or  positrons  with  energy  up 
to  550  MeV,  with  a  typical  current  of  150  mA/pulse;  the 
pulse  duration  can  be  adjusted  in  the  range  l-f-25  ns  with 
a  maximum  repetition  rate  of  50  Hz.  When  injecting  for 
operation  of  the  main  rings  at  the  0  resonance,  the  beam 
energy  is  510  MeV. 

The  minimum  LINAC  beam  current  that  can  be  conve¬ 
niently  measured  by  the  DA<&NE  current  monitors  is  I  ^  I 
mA,  corresponding  to  10®  electrons/pulse,  so  that  it  is 
thus  necessary  to  strongly  reduce  the  number  of  particles 
to  reach  the  few  particles  range.  The  reduction  of  the  par¬ 
ticle  multiplicity  can  be  achieved  with  different  methods, 
the  one  chosen  for  the  BTF  operation  is  the  following[2]: 
first  the  LINAC  beam  is  intercepted  by  a  (variable  depth) 
target  in  order  to  strongly  increase  the  energy  spread  of 
the  primary  beam;  then  the  outcoming  particles  are  energy 
selected  by  means  of  a  bending  magnet  and  slit  system. 
The  energy  selector  only  accepts  a  small  fraction  of  the  re¬ 
sulting  energy  distribution,  thus  reducing  of  the  number  of 
electrons  by  a  large  and  tunable  factor.  The  target  is  shaped 
in  such  a  way  that  three  different  values  of  depth  can  be  se¬ 
lected  by  inserting  it  into  the  beam-pipe,  corresponding  to 
1.7, 2.0, 2.3^0. 

The  attenuated  beam  is  transported  by  a  «  12  m  transfer 
line  to  the  BTF  hall,  where  the  experimental  set-ups  can 
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be  installed;  at  the  end  of  the  BTF  line  a  second  bending 
magnet  allows  to  use  two  separate  test  lines:  one  directly 
from  the  straight  section,  the  other  from  the  magnet  at  45®. 
A  schematic  view  of  the  BTF  layout  is  shown  in  Fig.  1. 

Due  to  the  momentum  dispersion  introduced  by  the 
bending  magnet,  the  relative  energy  spread  AEgei/E'sei 
is  essentialy  determined  by  the  magnet/collimators 
configurationfl];  in  the  standard  BTF  operation  for  a  wide 
range  of  slit  apertures  a  resolution  better  than  1%  can  be 
obtained. 

The  number  of  transported  electrons  (or  positrons)  can 
be  adjusted  in  a  wide  range,  down  to  single  particle,  and  is 
well  below  the  sensitivity  of  any  standard  beam  diagnostics 
device,  so  that  many  different  particle  detectors  have  been 
used  to  monitor  the  beam  characteristics. 

The  experimental  area  extendes  over  a  100  m^  area 
hall,  surrounded  by  shielding  walls  of  (movable)  concrete 
blocks;  a  20  ton  crane  and  a  remotely  controlled,  motor¬ 
ized  trolley  are  available.  A  number  of  coaxial  cables  are 
stretched  between  the  experimental  hall  and  a  dedicated 
control  room,  where  the  BTF  beam  (and  user  apparata)  can 
be  fully  steered.  The  facility  is  fully  equipped  with  a  com¬ 
plete  DAQ,  both  VME  and  CAMAC,  with  NIM  electronics 
and  HV  modules  available  for  the  users. 

BEAM  COMMISSIONING 

During  2002  the  BTF  has  been  successfully  commis¬ 
sioned  and  started  operation,  delivering  beam  to  the  first 
user  experiments,  from  Nov.  2002  to  May  2003 [3].  Two 
different  operation  modes  of  the  facility  have  been  success¬ 
fully  implemented: 

•  “parasitic”:  when  the  DA^NE  collider  is  working  for 
the  main  experiments,  the  LINAC  can  deliver  elec¬ 
tron/positron  beams  to  the  BTF  only  between  two  in¬ 
jection  cycles  for  the  main  rings.  The  LINAC  setting 
was  optimized  to  provide  a  5 10  MeV  energy,  4-~5  mA 
intensity  beam,  with  a  repetition  rate  of  24  Hz  (+1 
shot  to  the  spectrometer  line  for  LINAC  energy  mea¬ 
surement),  and  the  pulse  duration  was  the  same  as  for 
injection  in  the  accumulator,  «  10  ns.  With  a  typi¬ 
cal  collimator  setting  of  2  mm  total  aperture,  both  for 
the  upstream  and  downstream  slits  and  with  the  tar¬ 
get  depth  set  to  1.7  Xq,  only  a  few  electrons  reach  the 
diagnostic  detectors. 

•  “dedicated”:  when  there  are  no  collisions  in  the 
DA^NE  main  rings  the  LINAC  beam  can  be  contin¬ 
uously  delivered  to  the  BTF.  In  this  case  is  possible 
to  change  the  LINAC  energy  in  order  to  optimize  the 
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energy/multiplicity  of  the  BTF  beam;  moreover,  the 
pulse  duration  can  be  also  changed. 

The  facility  has  been  operating  both  in  the  single  elec¬ 
tron  production  scheme  and  in  the  high  multiplicity  oper¬ 
ation  mode,  according  to  the  different  user  requirements. 
At  low  multiplicity  a  calorimeter  has  been  used  as  main  di¬ 
agnostic  device.  The  detector  is  a  lead/scintillating  fibers 
calorimeter  (developed  for  the  KLOE  experiment [4]),  with 
single  side  photomultiplier  readout,  with  good  energy  res¬ 
olution  (7%  at  500  MeV). 

Due  to  the  good  energy  resolution  of  the  calorimeter 
(anyhow  still  worse  than  the  intrinsic  beam-line  energy  ac¬ 
ceptance)  the  number  of  produced  electrons  can  be  counted 
simply  by  measuring  the  total  deposited  energy  E:  n  = 
Ef  El,  where  Ei  is  the  energy  deposited  by  a  single  elec¬ 
tron.  An  example  of  ADC  spectrum  (pedestal  subtracted)  is 
shown  in  Fig.  2,  for  a  selected  energy  of  E^ei  =  442  MeV: 
the  individual  peaks  corresponding  to  0, 1, . . . ,  n  electrons 
can  be  easily  identified. 

The  most  effective  way  to  change  the  average  number 
of  particles  in  the  beam  is  to  change  the  selected  energy 
Esei'y  in  particular,  at  the  same  LINAC  energy  and  inten¬ 
sity  and  with  the  same  collimator  settings,  the  multiplicity 
increases  by  decreasing  the  chosen  ^sei-  In  addition,  the 
multiplicity  can  be  tuned  by  changing  the  aperture  of  the 
upstream  and/or  downstream  collimators.  In  this  case  the 
energy  resolution  of  the  selector  will  be  also  affected  by  a 
relatively  small  amount,  in  any  case  well  below  the  intrinsic 
resolution  of  our  calorimeters.  In  particular,  the  measured 
multiplicity  increases  by  increasing  the  slits  aperture  until 
the  intrinsic  beam  spot  size  is  exceeded. 


Figure  2:  Counting  electrons  in  the  calorimeter:  charge 
spectrum  for  Ese\  —  442  MeV. 


Above  ^  20  particles  the  calorimeters  are  no  longer  ef¬ 
fective  due  to  saturation  effects.  In  order  to  have  a  diagnos¬ 
tics  device  in  the  n  =  100-1000  range  (and  higher),  a  de¬ 
tector  has  been  developed  and  tested  in  collaboration  with 
the  AIRFLY  group  [5,  6],  based  on  the  Cerenkov  radiation 
emission. 

Another  important  parameter  is  the  beam  energy,  that 
can  be  chosen  by  changing  the  current  of  the  energy  se¬ 
lector  dipole  magnet.  The  average  measured  energy  of  the 
single  electron  signal  in  the  calorimeter  is  proportional  to 
the  incoming  beam  energy  E^ex  as  shown  in  Fig,  3. 


1659 


E  (MIPS) 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


E 

E 


QUA03,04  +0,+0  (mm)  QUA03,04+20,+20  (mm) 


Figure  4.  Beam  spot  measured  by  the  AGILE  silicon  tracker:  on  the  left  for  defocussed  beam  (last  vertical  and  horizontal 
quadrupoles  off);  on  the  right  for  optimized  optics  ^ay  ^2  mm). 


(GeV) 


Figure  3:  Total  energy  deposited  in  the  calorimeter  by  a 
single  electron  as  a  function  of  the  selected  beam  energy 

■^sel* 


The  single  electron  beam  spot  size  has  been  measured 
profiting  of  the  high  spatial  resolution  of  the  silicon  micro¬ 
strip  tracker  of  the  AGILE  gamma-ray  experiment  [7].  An 
example  of  the  beam  spot  measured  by  the  silicon  mi¬ 
crostrip  monitor  is  shown  in  Fig.  4:  a  2  mm 

spot  has  been  measured  with  an  optimized  optics,  defo¬ 
cussed  optics  have  been  also  studied  for  detector  efficiency 
testing  purposes. 

Many  user  experiments  were  carried  out  since  Nov. 
2002,  both  in  single  electron  mode  and  at  high  multiplicity. 
The  single  electron  mode  has  been  mainly  used  for  testing 
particle  detectors,  while  the  AIRFLY  experiment  (measur¬ 
ing  the  air  fluorescence  yield)  has  been  the  main  user  of  the 
high  multiplicity  beam:  a  wide  range  of  particle  multiplic¬ 
ity  has  been  exploited,  spanning  from  10  to  more  than  1000 
electrons/pulse.  In  both  cases  the  full  energy  range  of  the 
BTF  beam  has  been  spanned,  up  to  the  maximum  LINAC 
energy  («  800  MeV),  and  also  at  very  low  energy  (as  low 
as  25  MeV). 

Many  different  settings  for  BTF  beam,  for  various 
energy/multiplicity/beam-size  configurations  have  been 
optimized.  The  desired  beam  characteristics  were  in  gen¬ 
eral  easily  tunable  and  the  settings  showed  a  very  good  re¬ 


liability.  Moreover,  some  diagnostic  devices  have  been  in¬ 
tegrated  in  the  DA^NE  control  system  in  order  to  provide 
an  easy  user  interface. 

CONCLUSIONS 

The  BTF  has  been  operational  during  the  second  half 
of  year  2003,  both  in  parasitic  and  dedicated  mode,  giving 
beam  to  a  number  of  experimental  users  in  a  wide  range 
of  energy  and  particle  multiplicity.  It  demonstrated  to  be 
easily  tunable  and  very  reliable  both  from  the  point  of  view 
of  the  desired  particle  number  (from  single  electron  mode 
to  «  1000)  and  energy  setting.  In  order  to  overcome  the 
present  limitations  imposed  by  the  DA^NE  collider  exper¬ 
iments  operation  and  to  largely  improve  the  duty-cycle,  we 
plan  to  upgrade  the  facility  [8];  a  complete  separation  be¬ 
tween  the  DA<&NE  transfer  lines  to  the  Main  Rings  and  the 
BTF  channel  will  allow  to  operate  in  the  BTF  mode  with 
the  only  limitations  of  the  LINAC  switching  time  and  the 
time  spent  for  filling  the  Main  Rings.  An  upgrade  of  al¬ 
lowed  dose,  up  to  10^°  particles/s,  will  also  permit  to  use 
the  BTF  for  testing  of  standard  beam  diagnostic  devices. 

REFERENCES 

[1]  F.  Sannibale,  G.  Vignola,  DA^NE  Techical  Note  LC-2 
(1991). 

[2]  L.  Rinolfi  et  al.  Single  electron  beams  from  the  LEP  pre¬ 
injector,  in  Proceedings  of  PAC  89,  Chicago  (1989)  298. 

[3]  G.  Mazzitelli,  P.  Valente,  Commissioning  of  the  DA^NE 
Beam  Test  Facility,  LNF-03-003(P). 

[4]  M.Adinolfieffl/.,Nucl.Instnmi.Meth.A482  (2002)  364. 

[5]  P.  Privitera  et  al,  AIRFLY  Utter  of  Intent,  INFN  Gr.  V,  un¬ 
published. 

[6]  G.  Mazzitelli  et  al.  Beam  Instrumentation  for  the  Single 
Electron  DA^NE  Beam  Test  Facility,  DIPAC  2003. 

[7]  M.  Prest  et  al,  Nucl.  Instrum.  Meth.  A501  (2003)  280. 

[8]  G.  Mazzitelli  et  al,  DA^NE  Techical  Note  BTF-1  (2003). 


1660 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


FABRICATION  OF  THE  MEET  CHOPPER  SYSTEM  FOR  THE 
SPALLATION  NEUTRON  SOURCE  * 
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Abstract 

Los  Alamos  completed  design,  fabrication, 
procurement,  and  initial  testing  (without  beam)  of  the 
SNS  medium-energy  beam-transport  (MEET)  chopper, 
including  the  meander-line  traveling-wave  structure  and 
the  electrical-pulser  system.  This  report  reviews  the 
design  parameters  and  discusses  the  fabrication  process 
for  the  chopper  structures,  including  measurements  of  the 
impedance  and  rise  time.  (The  MEET  vacuum  system 
and  chopper-target  beam  stop  were  developed  at  and 
reported  by  LENL.)  We  discuss  the  specifications  for  the 
pulse  generator  and  its  fabrication  and  testing  at  Directed 
Energy,  Inc.  of  Ft.  Collins,  CO.  Experimental  tests  of  the 
chopper  system  are  currently  being  performed  at  the  SNS 
site  at  ORNL  and  will  be  reported  separately. 

INTRODUCTION 

The  SNS  linac  will  accelerate  a  1-2  mA  (average)  H“ 
beam  to  1  GeV  for  injection  into  an  accumulator  ring  for 
bunch  compression.  Eeam  chopping  is  required  to 
provide  a  gap  in  the  beam,  which  is  maintained  during  the 
accumulation  process  and  allows  extraction  from  the  ring 
with  minimal  losses.  A  beam  chopper  in  the  low-energy 
beam  transport  (LEET)  between  the  ion  source  and  the 
RFQ  pre-chops  the  beam,  and  a  fast  traveling-wave 
chopper  in  the  medium-energy  beam  transport  (MEET) 
provides  the  final  clean  up  of  the  chopping  gap.  The 
physics  design  of  the  MEET  chopper  meander-line 
deflecting  structure  has  been  described  previously  [1,2].  It 
is  a  folded,  notched  stripline  that  matches  the  electric 
wave  velocity  along  the  beam  axis  to  the  beam  particle 
velocity,  thus  providing  a  rise  and  fall  time  determined 
mainly  by  the  rise  and  fall  times  of  the  electric  pulse. 


Table  1 .  MEET  Chopper  Si 

jecifications 

Parameter 

Value 

Comments 

Eeam  energy 

2,5  MeV 

B=0.073 

Length 

35  cm 

Gap 

1.8  cm 

±2350  V 

Max.  ±2500  V 

18  mrad  ' 

945  ns 

32  % 

68  %  beam  on 

Rise  /  fall  time 

10  ns 

2-98  % 

*  Work  supported  by  the  Office  of  Basic  Energy  Science,  Office  of 
Science  of  the  US  Dept,  of  Energy,  and  by  Oak  Ridge  National  Lab. 

^  hardekopf@Ianl.gov 


Figure  1 .  One  of  two  completed  MEET-chopper  structure 
assemblies.  The  unit  is  upside  down  from  the  normal 
mounting  position  on  the  beamline. 


The  MEET  chopper  is  suspended  from  the  lid  of  a 
vacuum  box  located  just  downstream  of  the  RFQ  [3]. 
There  is  space  in  the  MEET  for  an  identical  structure 
called  the  “antichopper”  located  downstream  of  the 
chopper  beam  stop.  If  required,  the  antichopper  could 
restore  partially  deflected  beam  on  the  leading  and  trailing 
edges  of  the  pulse  to  the  MEET  axis  prior  to  entering  the 
DTL.  Eeam  simulations  of  the  chopper  systems  were 
reported  at  a  previous  conference  [4]. 


Figure  2.  End  view  of  the  chopper  structure 
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DEFLECTING  STRUCTURE 

The  meander  line  required  a  material  with  high 
electrical  conductivity  on  a  substrate  with  a  low  dielectric 
constant.  We  chose  a  composite  material  commonly  used 
in  the  manufacture  of  printed  circuit  boards,  Rogers  Corp. 
RT6002,  which  is  0.100-inch  thick  with  a  .020-inch  thick 
copper  back  plate.  The  profile  of  the  meander  stripline 
was  drawn  in  AutoCAD  and  translated  to  a  machine  that 
made  a  mask  of  the  notched  meander  pattern.  The  vendor 
for  the  etched  circuit  boards  was  Multi-Plate  Circuits,  Inc. 
Although  not  extremely  difficult,  the  entire  process  was 
tedious  and  time  consuming.  The  first  step  was  to 
fabricate  sample  pieces  that  could  be  used  to  measure 
critical  dimensions.  We  determined  that  an  "etch  factor" 
was  needed  in  the  artwork  to  achieve  our  final 
specifications.  The  next  step  was  to  etch  the  raw  material 
to  the  desired  thickness.  Tlien  a  photo-image  resist  was 
applied  to  the  boards,  and  they  were  run  through  a 
developer.  About  350  microns  of  tin/lead  was  applied  to 
the  boards,  and  they  were  then  run  through  an  ammonia 
etcher.  The  boards  were  measured  on  an  optical 
comparator  after  each  pass  until  desired  dimensions  were 
achieved.  Finally,  the  tin/lead  was  stripped,  the  boards 
were  run  throu^  a  dryer,  and  then  routed  to  the  final 
dimensions  (See  Figure  3). 


Figure  3.  Etched  circuit  board  prior  to  machining 


After  the  machining  of  the  substrate  was  complete,  it 
was  impossible  to  maintain  the  flatness  tolerance  on  the 
copper  surface  because  of  the  removal  of  the  dielectric 
material  on  the  underside  of  the  substrate.  A  solution  to 
this  problem  was  to  epoxy  the  substrate  to  the  base  plate. 
Eccobond  45  Catalyst  15  epoxy  was  used  for  this  process. 
Several  tests  to  determine  the  bonding  strength  of  the 
epoxy  were  conducted  prior  to  actually  gluing  the 
assembly  together.  A  thin  layer  of  epoxy  (.003”-.004”) 
mixed  with  a  “rigid”  mix  ratio  yielded  the  best  results.  It 
was  also  determined  that  a  “weighted”  cure  time  of  48 
hours  with  100  Ibs./sq.  in.  would  be  necessary.  To  ensure 
uniform  weight  distribution  over  the  entire  length  of 
structure,  a  precision  fixture  was  placed  over  the  epoxied 
assembly.  Approximately  2000  lbs.  of  weight  were  then 
placed  over  die  entire  assembly,  and  the  epoxy  was 
allowed  to  cure  for  over  two  days.  As  part  of  the 
manufacturing  process  we  performed  in-process  testing  to 
ensure  that  the  glue  joint  had  been  properly  made.  Glue- 
joint  specimens  were  fabricated  simultaneously  with  the 
gluing  of  the  meander  line  to  the  ground  plane  using  the 
same  procedure  (epoxy  from  the  same  mixed  batch, 
thickness  of  epoxy  applied,  joint  loading,  and  cure  time). 
The  specimens  were  tested  to  affirm  that  the  glue  joint 


had  achieved  strength  greater  than  that  of  the  meander¬ 
line  substrate  material.  The  full  strength  of  the  epoxy  is 
specified  as  2.5X  the  ultimate  strength  of  the  substrate 
material.  The  strength  test  determined  whether  the  glue 
joint  would  fail  in  the  epoxy  or  in  the  meander-line 
assemblies. 


Figure  4.  Finished  circuit  board  glued  to  ground  plane 


Following  fabrication,  the  structures  were  electrically 
tested  and  found  to  have  an  impedance  of  nominally 
51±0.5  ohms.  One  could  adjust  the  impedance  to  exactly 
50  ohms  with  tuning  tabs  along  the  structure,  but  this  was 
unnecessary  in  our  case.  The  structures  were  hi-potted  to 
4.5  kV  under  vacuum,  along  with  all  of  the  high  voltage 
cable  assemblies.  We  measured  the  structure  risetime  to 
be  1.5  ns  (see  Fig.  5),  substantially  faster  than  that  of  the 
pulser  (about  10  ns).  The  delay  through  the  structures 
varies  from  22.07  to  22.24  ns,  including  the  7-16  DIN  to 
N  to  SMA  adaptors  required  for  the  measurement. 


Figure  5.  The  risetime  of  a  complete  assembly  is  1.5  ns, 
including  the  interconnections  and  vacuum  feedthrough 
connectors.  Data  are  in  green,  a  2-ns  risetime  filter  in  red. 

DEFLECTING  PULSER 

The  50-ohm  deflecting  pulser  was  designed  and  built  by 
Directed  Energy,  Inc.  (DEI)  to  specifications  provided  by 
Los  Alamos.  The  specification  for  two  pulsers  to  drive  the 
top  and  bottom  meander  lines  is  ±  2500  V  with  10-ns  (2  to 
98%)  risetime.  Development  of  the  1-ns  risetime,  1-kV 
MOSFET  for  this  application  was  done  by  DEI  under  a 
separate  R&D  contract. 
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Figure  6.  Chassis  layout  of  the  DEI  positive  polarity 
pulser 

The  PVX-3125  pulse  generator  is  a  half-bridge  (totem 
pole)  design,  providing  fast  rise  and  fall  times.  It  uses  five 
of  DEFs  patented  power  MOSFET  transistors  in  each  leg 
of  the  bridge,  configured  in  a  series  transmission  line 
format,  to  provide  the  pulse  generator’s  voltage  and 
current  requirements. 


Figure  7.  One-half  of  the  MEET  chopper  pulser  output- 
switch  assembly 

The  amplitude  of  the  external  DC  power  supply 
controls  the  output  voltage.  The  efficiency  of  the  pulse 
generator  is  about  90%;  therefore  a  DC  power  supply 
setting  of  3.3  kV  yields  an  output  voltage  of  about  3  kV. 
Two  versions  are  required,  a  positive  pulser  and  a 
negative  pulser.  A  TTL  input  gate  controls  the  output 
pulse  width  and  frequency.  Pulse  width  and  frequency  are 
constrained  to  preset  limits  suitable  for  our  application. 
The  maximum  pulse  width  is  100  to  905  nanoseconds  and 
the  maximum  frequency  is  1 .05  MHz. 

This  pulse  generator  features  a  high-speed  overcurrent 
protection  circuit.  The  main  energy  storage  capacitor 
bank  is  isolated  from  the  output  stages  by  an  IGBT  switch 
assembly.  A  much  smaller  and  faster  capacitor  is  integral 
to  the  main  switch  assembly.  If  a  peak  over-current 
condition  is  detected,  the  IGBT  is  opened,  the  output 
pulse  is  truncated,  and  the  output  is  tied  to  ground.  This 


circuit  protects  the  pulse  generator,  load  and  cabling  from 
potential  damage  due  to  an  arc  or  short  in  the  cable  or 
load.  The  following  figures  show  examples  of  the  output. 


Figure  8.  String  of  four  pulses  (out  of  --1000  during  a  1 
ms  SNS  macropulse) 


Figure  9.  Expansion  of  trailing  edge  of  typical  output 
pulse  showing  fall-time  of  about  8  ns  at  2350  volts 
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Abstract 

A  proton  microscope  has  been  developed  for 
radiography  applications  using  the  800-MeV  linear 
accelerator  at  the  Los  Alamos  Neutron  Science  Center 
(LANSCE).  The  microscope  provides  a  magnified  image 
of  a  static  device,  or  of  a  dynamic  event  such  as  a 
high-speed  projectile  impacting  a  target.  The  microscope 
assembly  consists  primarily  of  four  Permanent  Magnet 
Quadnipoles  (PMQ’s)  that  are  supported  on  movable 
platforms.  The  platform  supports,  along  with  the  rest  of 
the  support  structure,  are  designed  to  withstand  the 
residual  dynamic  loads  that  are  expected  from  the 
dynamic  tests.  This  paper  covers  the  mechanical  design  of 
the  microscope  assembly,  including  the  remote  positioning 
system  that  allows  for  fine-tuning  the  focus  of  an  object 
being  imaged. 


1  INTRODUCTION 

Figure  1  shows  the  microscope  assembly  installed  on 
the  beam  line  in  Area  C  of  LANSCE.  The  beam  direction 
is  left  to  right.  Area  C  is  the  experimental  area  where 
proton  radiography  is  performed  on  a  variety  of 
experiment  types.  The  experiments  that  have  been  imaged 
range  from  the  shock  propagation  through  high-explosive 
configurations  to  the  flow  pattern  of  liquids  through 
coolant  channels  in  industrial  equipment. 


Figure  1 :  Microscope  Assembly 


The  magnetic  lattice  of  the  proton  radiography 
beam-line  consists  mainly  of  two  magnetic  sections  [1]. 
The  first  section  is  an  illumination  section  that  is 
up-stream  of  the  object  or  event  being  imaged,  contains 
dipole  and  quadruple  magnets  along  with  beam 
diagnostic  assemblies,  and  provides  for  beam  conditioning 
for  the  imaging  task  at  hand.  The  second  section  is  a 
focusing  section  that  consists  of  four  nominally 
12-inch-diameter  bore  quadrupole  magnets  and  a  beam 
collimator.  The  focusing  section  provides  for  transport  of 
the  scattered  proton  beam  to  the  imaging  plane.  A  second 
focusing  section  and  imaging  plane  that  is  located 
down-stream  of  the  first  focusing  section  is  available  if 
necessary  for  a  given  imaging  experiment. 


Figure  2:  Microscope  Assembly 

The  proton  microscope  assembly  and  PMQ  lattice  [2], 
shown  in  Figure  2,  replaces  the  first  focusing  section  of 
the  proton  radiography  lattice.  Two  of  the  large 
electromagnetic  quadrupole  magnets  are  physically  rolled 
off  of  the  beam  line  via  tracks  on  the  floor,  and  the 
microscope  assembly  is  rolled  into  their  place  for 
magnified  imaging  tasks.  The  other  two  electromagnetic 
quadrupole  magnets  remain  in  place,  but  are  not  powered. 
In  this  magnified  imaging  configuration  the  four  PMQ’s  of 
the  microscope  assembly  provide  all  of  the  down-stream 
beam  focusing.  An  image  magnification  of  approximately 
seven  times  is  possible  with  the  microscope.  A  small 
beam  collimator  is  contained  in  the  beam  tube  of  the 
microscope  assembly  for  controlling  the  image  contrast. 
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2  THE  MECHANICAL  DESIGN  OF  THE 
PROTON  MICROSCOPE 

The  microscope  assembly  consists  of  a  main  support 
structure,  a  transition  beam  tube  that  consists  of  a 
L25-inch-diameter  and  a  12-inch-diameter  tube  that  are 
joined  in  series,  a  magnet  lattice  support  plate  that 
provides  for  lateral  translation  of  the  entire  magnetic 
lattice  off  of  the  beam-line,  the  four  individual  magnet 
support  bases,  and  the  four  sets  of  PMQ’s.  Remote 
positioning  of  three  of  the  PMQ  sets  is  also  included  in 
the  design.  The  three  down-stream  PMQ  sets  can  have 
their  longitudinal,  or  Z  position  varied  over  approximately 
+/- 3.0  inches  to  allow  for  focusing  adjustments.  This 
positioning  is  done  by  using  motor  and  encoder  sets  that 
communicate  to  a  Personal  Computer  (PC)  in  the  counting 
house  for  the  experimental  area.  The  motor  and  encoder 
sets  move  the  support  bases  of  the  PMQ’s. 

The  main  support  structure  of  the  microscope  is  a 
welded  structural  steel  frame,  and  is  shown  in  Figure  3. 


Figure  3:  Microscope  Assembly  Support  Stand 


The  structure  is  designed  to  resist  the  residual  shock 
loads  that  it  can  experience  from  dynamic  tests.  Dynamic 
tests  that  the  microscope  would  image  would  be  limited  to 
small  high-explosive-mass  quantities,  thus  producing  low 
residual  dynamic  loads  on  the  support  structure. 
However,  since  the  microscope  could  be  parked  in  storage 
near  much  higher  energetic  tests  being  conducted,  the 
design  considered  higher  shock  loadings,  in  the  range  of 
2g,  to  prevent  inadvertent  damage  to  the  microscope.  The 
support  frame  is  also  designed  to  resist  seismic  loads  for 
personnel  safety  considerations.  The  support  structure 
also  has  its  center  of  gravity  biased  to  the  low  center 
region  using  thick  steel  plates.  This  center  of  gravity 
design  has  been  used  to  provide  static  stability  regardless 
of  the  microscope’s  configuration.  Magnets  and  beam 
tubes  can  be  removed  without  producing  a  tipping  hazard. 
The  weight  of  the  support  structure  is  2377  pounds.  The 
total  weight  of  the  microscope  assembly  is  3400  pounds. 

The  transition  beam  tube  allows  for  coupling  into  the 
gun  or  test  vessel  on  one  end,  and  the  existing  lattice  beam 


tube  on  the  downstream  end.  The  1.25-inch-diameter 
tube,  with  a  0.1 2-inch- wall  thickness,  couples  into  the  test 
vessel.  Since  high-speed  material  impact  tests  (velocities 
of  approximately  6100  feet/sec)  are  conducted  in  the 
vessel  the  adjoining  beam  tube  has  a  thick  wall  to  resist 
penetration  damage  from  shrapnel  of  the  impact 
experiment.  The  1.25-inch  diameter  beam  tube  can  be 
removed  and  replaced  without  having  to  disassemble  the 
microscope  assembly.  The  1.25 -inch-diameter  tube 
couples  into  the  12-inch-diameter  tube  using  a  flange  and 
a  transition  piece.  The  12-inch-diameter  tube  has  a 
0.5-inch-thick  wall. 

The  magnet  support  bases  are  mounted  on  a  main 
support  plate.  This  support  plate  is  mounted  on  rails  that 
are  aligned  laterally  to  the  beam  line.  The  main  support 
plate  translates  the  four  magnet  sets,  support  bases,  and 
1.25-inch  diameter  beam  tube  off  of  the  beam  line.  This 
feature  is  included  to  allow  for  quick  replacement  of  a 
beam  tube.  Beam  tube  replacement  will  be  necessary 
when  the  tube  inside  surface  has  significant  damage  done 
to  it,  or  when  the  beam  collimator  is  to  be  changed  in  a 
given  imaging  set-up.  The  beam  collimator  is  integral  to 
the  beam  tube. 

The  magnet  support  bases  provide  for  the  support  of  the 
PMQ  sets,  and  their  alignment.  Figure  4  shows  two  PMQ 
sets  and  their  respective  support  bases.  Each  PMQ  set 
support  base  provides  five  degrees  of  freedom  for  magnet 
alignment.  The  sixth  degree  of  freedom,  longitudinal,  or 
Z,  position  is  provided  manually  for  the  first  PMQ  set,  and 
remotely  for  the  other  three. 


Figure  4:  PMQ’s  and  Support  Bases 


The  PMQ  sets  are  made  by  combining  single  PMQs  into 
a  set  of  two  or  four.  A  single  PMQ  has  an  average 
measured  quadrupole  gradient-length  (GL)  product  of 
approximately  2.8  IT.  By  combining  two  or  four  PMQ’s 
the  necessary  magnet  strength  is  obtained  for  each  set. 
Each  PMQ  has  an  inside  bore  of  1.375  inch,  leaving  a 
nominal  gap  of  0.062  inch  between  the  magnet  bore  and 
the  outside  of  the  1.25-inch  diameter  beam  tube.  The  gap 
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is  needed  to  prevent  the  beam  tube  from  impacting  the 
magnet  bore  during  dynamic  testing. 

3  ASSEMBLY  OF  THE  PMQ  SETS 

The  PMQ  sets  are  assembled  by  separating  the 
individual  PMQ’s  beyond  their  field-influence  distance  on 
a  rail  assembly.  Alignment  rods  are  placed  through  two  of 
the  clamping  holes  in  the  PMQ  bodies,  and  a  clamping 
assembly  is  used  to  draw  the  magnets  together.  At  a 
separation  distance  of  approximately  0.008  inch  the 
repulsive  force  between  two  PMQ’s  is  approximately 
350  pounds.  The  PMQ’s  are  drawn  together  to  where  no 
axial  gaps  are  present,  permanent  alignment  rods  and  bolts 
installed  and  tightened,  and  the  PMQ  set  is  then  removed 
from  the  clamping  fixture.  The  PMQ  set  is  then  ready  for 
installation  onto  the  microscope  assembly. 

4  THE  MAGNET  MOTION  CONTROL 
SYSTEM 

The  remote-motion  control  for  the  three  down-stream 
PMQ  sets  of  the  microscope  is  accomplished  by  having 
each  of  the  magnet  support  bases  mounted  on  one 
common  rail.  A  motor-encoder  set  is  used  on  each 
magnet  support  base  to  change  its  longitudinal,  or  Z, 
position.  The  support  bases  are  held  in  place  with  the  use 
of  an  electrically  deactivated  brake  that  is  an  integral  part 
of  the  motor  assembly.  A  clutch  assembly  is  also  placed 
in-line  with  the  drive  shaft.  If  the  drive  components  meet 
too  much  drive  resistance,  then  the  clutch  slips  and 
prevents  damage  to  any  of  the  components. 

The  motors  communicate  with  the  control  PC  via  the 
RS232  communication  protocol.  The  encoders 
communicate  in  the  RS485  communication  protocol.  The 
encoder  RS485  signal  is  converted  to  the  RS232  protocol 
via  an  in-line  converter  device.  All  signals  are  converted 
from  the  RS232  protocol  to  a  fiber  optic  signal  for  the 
transmission  length  between  the  PC  in  the  counting  house 
and  the  experimental  area.  A  fiber-optic  signal  is  used  for 
the  majority  of  the  control  transmission  length  of  425  feet 
in  order  to  eliminate  possible  electrical  interference  from 
other  cabling. 

A  user  interface  program  on  the  PC  enables  the 
microscope  user  to  query  the  encoders  to  view  their 
current  Z  positions,  and  make  any  positional  changes. 
The  control  software  performs  the  limit  checking  and 
other  control  guard  functions  to  prevent  running  magnet 
support  bases  into  each  other.  If  the  control  software  limit 
checking  were  to  fail  the  clutch  assemblies  would  prevent 
hardware  damage  should  two  support  bases  make  contact. 

The  encoders  are  the  optical  type  with  1024  steps  per 
revolution.  The  encoders  are  also  absolute,  meaning  that 
they  maintain  their  positional  information  through  power 
off-on  cycles.  The  lead  screws  that  are  used  to  convert 
rotational  motion  to  linear  translation  have  a  pitch  of  eight 
threads  per  inch.  This  produces  a  theoretical  minimum 
translation  distance  of  0.00012  inch.  The  lead  screws  use 
zero-backlash  design  drive  nuts.  Even  with  this 


zero-backlash  design  the  minimum  translation  distance  is 
likely  slightly  greater  than  0.00012  inch 

5  TESTING  THE  MECHANICAL 
FUNCTION  OF  THE  MICROSCOPE 

Testing  of  the  mechanical  systems  took  place  prior  to 
the  beam  line  installation.  The  system  hardware  and 
software  performed  as  designed.  PMQ  support  bases 
were  moved  in  increments  as  small  as  0.0005  to 
0.001  inch  with  proper  placement  and  positional  tracking 
by  the  motion  control  hardware  and  software.  The 
displacements  were  measured  using  auxiliary  mechanical 
gages  that  were  mounted  to  the  lattice  support  plate. 

6  MECHANICAL  AND  IMAGING 
PERFORMANCE  OF  THE  MICROSCOPE 

In  October  of  2002  the  microscope  assembly  was 
installed  onto  the  LANSCE  Area  C  beam  line.  The  PMQ 
sets  were  aligned  to  the  global  beam  line  coordinate 
system.  Drive  system  communication  checks  were  made 
on  the  microscope  assembly.  After  the  preliminary  work 
was  completed  a  static  target  was  placed  in  the  temporary 
test  vessel  up-stream  from  the  microscope.  A  proton 
beam  pulse  was  sent  through  the  radiography  lattice,  and 
an  image  with  good  resolution  and  contrast  of  the  static 
target  was  obtained  at  an  approximate  seven  times 
magnification.  Further  tuning  of  the  microscope 
resolution  by  slight  longitudinal  repositions  of  the  PMQ 
sets  adjusted  the  resolution  of  the  static  image.  The 
inclusion  of  a  beam  collimator  in  the  small  beam  tube  of 
the  microscope  provided  a  small  improvement  in  the 
resolution  of  the  image.  The  microscope  assembly 
performed  well,  and  as  designed  in  its  first  imaging 
experiment. 

7  CONCLUSIONS 

The  ability  to  obtain  magnified  images  in  the 
approximate  seven  times  range  at  heightened  resolution 
will  enable  new  classes  of  experiments  to  be  conducted 
with  proton  radiography.  Also,  because  the  microscope 
magnetic  lattice  itself  is  rather  compact  a  similar  design 
could  be  used  in  other  radiography  beam  lines  for 
providing  magnified  images. 
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Abstract 

Knowledge  of  ion-atom  ionization  cross  sections  is  of 
great  importance  for  many  accelerator  applications.  When 
experimental  data  and  theoretical  calculations  are  not  avail¬ 
able,  approximate  formulas  are  frequently  used.  Based  on 
experimental  data  and  theoretical  predictions,  a  new  fit  for 
ionization  cross  sections  by  fully  stripped  ions  is  proposed. 
The  Bom  approximation  and  classical  trajectory  calcula¬ 
tions  are  frequently  used  to  estimate  the  cross  sections. 
Neither  approximation  is  expected  to  be  valid  over  the  en¬ 
tire  range  of  projectile  ions  and  target  atoms.  Aspects  of 
both  models  must  be  included  in  order  to  address  the  short¬ 
comings  in  the  underlying  assumptions.  A  large  difference 
in  cross  section,  up  to  a  factor  of  six,  calculated  in  quantum 
mechanics  and  classical  mechanics,  has  been  obtained  for 
3.2GeV  /“  and  Cs'^  ions.  Because  at  such  high  veloci¬ 
ties  the  Bom  approximation  is  well  validated,  the  classical 
trajectory  approach  fails  to  correctly  predict  the  stripping 
cross  section  at  high  energies  for  electron  orbitals  with  low 
ionization  potential. 

INTRODUCTION 

Ion  beams  lose  electrons  when  passing  through  a  back¬ 
ground  gas  in  accelerators,  beam  transport  lines,  and  target 
chambers.  Asa  result,  the  ion  confinement  time  and  beam 
focusability  are  decreased.  An  unwanted  electron  popula¬ 
tion,  produced  in  ion-atom  collisions,  may  also  lead  to  the 
development  of  collective  two-stream  instabilities.  There¬ 
fore,  it  is  important  to  assess  the  values  of  ion-atom  ioniza¬ 
tion  cross  sections.  In  contrast  to  the  electron  and  proton 
ionization  cross  sections,  where  experimental  data  or  theo¬ 
retical  calculations  exist  for  practically  any  ion  and  atom, 
the  knowledge  of  ionization  cross  sections  by  fast  complex 
ions  and  atoms  is  far  from  complete  [1].  While  specific 
values  of  the  cross  sections  for  various  pairs  of  projectile 
ions  and  target  atoms  have  been  measured  at  several  en¬ 
ergies  [2-5],  the  scaling  of  cross  sections  with  energy  and 
target  or  projectile  nucleus  charge  has  not  been  experimen¬ 
tally  mapped.  When  experimental  data  and  theoretical  cal¬ 
culations  are  not  available,  approximate  formulas  are  fre¬ 
quently  used. 

The  most  popular  formula  for  ionization  cross  section 
was  proposed  by  Gryzinski  [6].  The  ”web  of  science” 
search  engine  shows  457  citations  of  this  paper,  and  most 
of  the  citing  papers  use  Gryzinski’ s  formula  to  evaluate 
the  cross  sections.  In  this  approach,  the  cross  section  is 
specified  by  multiplication  of  a  scaling  factor  and  a  unique 
function  of  the  projectile  velocity  normalized  to  the  orbital 
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electron  velocity.  The  popularity  of  Gryzinsky’s  formula  is 
based  on  the  simplicity  of  the  calculation,  notwithstanding 
the  fact  that  the  formula  is  not  accurate  at  small  energies. 

Another  fit,  proposed  by  Gillespie,  gives  results  close 
to  Gryzinski’s  formula  at  large  energies,  and  makes  cor¬ 
rections  to  Gryzinski’s  formula  at  small  energies  [7].  Al¬ 
though  more  accurate,  Gillespie’s  fit  is  not  frequently  used 
in  applications,  because  it  requires  a  knowledge  of  fitting 
parameters  not  always  known  a  priori.  In  this  paper,  we 
present  a  new  fit  formula  [8]  for  the  ionization  cross  sec¬ 
tion  which  has  no  fitting  parameters  and  is  correct  at  small 
energies.  The  formula  is  checked  against  available  experi¬ 
mental  data  and  theoretical  predictions. 

The  typical  scale  for  the  electron  orbital  velocity  with 
ionization  potential  Ini  is  Vni  =  vo\/^n/7^o-  Here, 
n,  I  is  the  standard  notation  for  the  main  quantum  number 
and  the  orbital  angular  momentum  quantum  number,  and 
Vo  =  2.2  •  10® cm/5  is  the  atomic  velocity  scale  [9].  The 
collision  dynamics  is  very  different,  depending  on  whether 
V  is  smaller  or  larger  than  Vni- 
We  first  summarize  the  scaling  of  ionization  cross  sec¬ 
tion  by  the  fully  stripped  ions.  More  than  a  century  ago, 
Thompson  calculated  the  ionization  cross  section  in  the 
limit  V  »  Vni  [1].  This  treatment  neglected  the  orbital 
motion  of  the  target  electrons  and  assumed  a  straight-line 
trajectory  of  the  projectile,  which  gives  [1] 

a^°^^v,Ini,Zj,)=2nZyo^^,  (D 

where  ao  =  0.529  *  10“ ® cm  is  the  Bohr  radius.  Subse¬ 
quent  treatments  accounted  for  the  effect  of  finite  electron 
orbital  velocity.  The  most  complete  and  accurate  calcula¬ 
tions  were  done  by  Geijuoy,  by  averaging  the  Rutherford 
cross  section  over  the  phase  space  of  the  atomic  electrons 
leading  to  ionization.  The  result  of  the  calculations  can  be 
expressed  as 

a^^^{v,Ini,Z,)=yzl  .  (2) 

Here,  the  scaling  function  is  defined  in  [8], 

Bethe  made  use  of  the  Bom  approximation  of  quantum 
mechanics  to  calculate  cross  sections  [9].  The  Bom  ap¬ 
proximation  is  valid  for  v/vq  >  2 Zp  and  v  »  Vni  [9]. 
This  yields  the  relation 


^Bethe  „  ^Bohr  ^ 


0.566  In 


-hl.26 


(3) 


Note  that  for  v  >>  Vnu  the  logarithm  term  on  the  right- 
hand  side  of  Eq.(3)  contributes  substantially  to  the  cross 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 


1667 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Exp.  □  o  He**  V  LI*®  A  C*® 
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Figure  1:  Ionization  cross  sections  of  atomic  hydrogen  by 
fully  stripped  ions  showing  both  experimental  data  and  the¬ 
oretical  fits.  GGV  stands  for  the  classical  calculation  by 
Geijuoy  using  the  fit  of  Garcia  and  Vriens.  Gryz  denotes 
the  Gryzinski  approximation.  Bethe  stands  for  Bethe’s 
quantum-mechanical  calculation  in  the  Bom  approxima¬ 
tion,  limited  to  u  >  Vni  in  Eq.(3).  Finally,  BA  denotes 
the  Bom  approximation  in  the  general  case.  All  values  are 
in  atomic  units.  For  hydrogen,  the  ionization  potential  is 
Ini  ~  1/2,  Vni  —  vq  =  2.19  •  10® cm/s,  and  the  cross 
section  is  normalized  to  Oq  =  0.529^  •  10“ ^®cm^. 


section,  and  as  a  result  the  quantum  mechanical  calcula¬ 
tion  in  Eq.(3)  gives  a  larger  cross  section  than  the  classical 
trajectory  treatment  in  Eq.(l)  (see  Fig.l). 

Gryzinsky  attempted  to  obtain  the  ionization  cross  sec¬ 
tion  using  only  classical  mechanics,  similar  to  Geijuoy. 
But,  in  order  to  match  the  asymptotic  behavior  of  the  Bethe 
formula  in  Eq.(3)  at  large  projectile  velocities,  Gryzinsky 
assumed  an  artificial  electron  velocity  distribution  function 
(EVDF)  instead  of  the  correct  EVDF.  After  a  number  of 
additional  simplifications  and  assumptions,  Gryzinsky  sug¬ 
gested  an  approximation  for  the  cross  section  in  the  form 
given  by  Eq.(2)  with  another  function  which  is 

specified  in  [6,  8].  The  Gryzinsky  formula  can  be  viewed 
as  a  fit  to  the  Bethe  formula  at  large  velocities  v  »  Vni 
with  some  rather  arbitrary  continuation  to  small  velocities 
V  <  Vnh 

Figure  1  shows  the  experimental  data  for  the  cross  sec¬ 
tions  for  ionizing  collisions  of  fully  stripped  ions  colliding 
with  a  hydrogen  atom, 

X^++H{ls)^X'>++H+  +  e,  (4) 

where  denotes  fully  stripped  ions  of  H,  He,  Li,  C 
atoms,  and  (Is)  symbolizes  the  ground  state  of  the  hydro¬ 
gen  atom.  The  experimental  data  are  taken  from  the  data  of 
Shah  et  at.  (see  details  in  [8]). 

From  Fig.  1  it  is  evident  that  the  Bethe  formula  describes 
well  the  cross  sections  for  projectile  velocities  larger  than 
the  orbital  velocity  v  »  Vni-  At  large  energies,  the  GGV 
formula  underestimates  the  cross  section  whereas,  Gryzin- 


sky’s  formula  gives  results  close  to  the  Bethe  formula  and 
the  experimental  data.  Both,  the  GGV  and  Gryzinsky  for¬ 
mulas  disagree  with  the  experimental  data  at  small  ener¬ 
gies,  because  they  assume  free  electrons,  neglecting  the 
influence  of  the  target  atom  potential  on  the  electron  mo¬ 
tion  during  the  collision.  To  account  for  the  difference  be¬ 
tween  the  Bom  approximation  results  and  the  experimen¬ 
tal  data  for  v  <  Vmax>  Gillespie  proposed  to  decrease  the 
results  of  the  Bom  approximation  at  low  velocities  by  an 
exponential  factor  [7].  Although  Gillespie’s  fit  proved  to 
be  very  useful,  the  fitting  parameters  are  not  available  for 
most  target  atoms.  Based  on  the  results  of  the  classical  tra¬ 
jectory  approximation,  Olson  developed  a  scaling  for  the 
total  electron  loss  cross  section  [10],  which  includes  both 
the  charge  exchange  cross  section  and  the  ionization  cross 
section.  Unfortunately,  application  of  the  scaling  to  the  ion¬ 
ization  cross  sections  does  not  yield  good  agreement  [8]. 


NEW  FIT  FORMULA  FOR  THE 
IONIZATION  CROSS  SECTION 

We  propose  the  following  scaling  [8] 


T^alNniZl  El 

(Zp+l)  III 


where 


(5) 


^  exp(^y^^)  +  0.283111  (2x2  ^  35)]  . 

(6) 

The  resulting  plots  of  the  scaled  cross  sections  are  shown 
in  Fig.2.  Comparing  Fig.l  and  Fig.2,  it  is  evident  that  all 
of  the  experimental  data  merge  close  together  in  the  scaled 
plot  based  on  Eqs.(5)  and  (6). 

We  have  also  applied  the  new  fit  formula  in  Eqs.  (5)  and 
(6)  to  the  ionization  cross  sections  of  helium  [8].  Again, 
all  of  the  experimental  and  theoretical  results  merge  close 
together  on  the  scaled  plot.  The  new  proposed  fit  in  Eq,(5) 
with  the  function  in  Eq.(6)  gives  very  good  results  for  both 
hydrogen  and  helium  [8]. 


STRIPPING  CROSS  SECTIONS  AT 
LARGE  PROJECTILE  VELOCITIES 

We  have  investigated  theoretically  and  experimentally 
the  stripping  of  3.4  Mev/amu  and  in  N2\ 

and  10.2  MeV/amu  19MeV/amu  Ar+®,  30  MeV 

He'^,  and  38  MeV/amu  all  in  He,  N2,  Ar  and  Xe 
[5].  Both  the  Bom  approximation  and  the  classical  trajec¬ 
tory  calculation  give  very  good  estimates,  except  for  the 
case  of  Xe.  This  is  not  expected  to  be  the  case  for  fully 
stripped  target  ions  and/or  low  ionization  potentials  of  the 
projectile  ions.  Tables  1  and  2  show  the  stripping  cross  sec¬ 
tions  for  only  one  electron  from  the  outer  electron  shell  for 
different  projectile  ions  with  the  same  velocity  v  =  32uo 
{2hMeVlamu)  colliding  with  a  nitrogen  atom  (iV)  or  bare 
nitrogen  nucleus  (AT+’^j. 
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Figure  2:  Ionization  cross  sections  of  hydrogen  by  fully 
stripped  ions  showing  the  scaled  experimental  data  and  the 
theoretical  fits.  BA  denotes  the  Bom  approximation.  Gille¬ 
spie  denotes  Gillespie’s  fit.  R.&R  symbolizes  the  fit  pro¬ 
posed  by  Rost  and  Pattard  [11].  ’’New”  denotes  the  new  fit 
given  by  Eq.  (6). 


cr,  10 

(75+ 

I- 

H  ions 

N 

0.045 

0.08 

0.10 

JV+7 

0.32 

2.5 

12.5 

Table  1.  Stripping  cross  sections  of  Z.3bGeV 
S.2GeV  r  and  25Mey  R-  by  N  or  calculated 
making  use  of  the  Bom  approximation  in  quantum  mechan¬ 
ics  (stripping  of  only  one  electron  from  the  outer  electron 
shell  is  considered  here  with  ionization  potentials:  22AeV 
for  Cs+;  3.06ey  for  and  0.75eV  for  H~), 


a,  10 

(7s+ 

H  ions 

N 

0.10 

0.47 

1.34 

iV+7 

0.17 

1.29 

5.05 

Table  2.  The  same  stripping  cross  sections  as  in  Table 
1  but  calculated  making  use  of  the  classical  trajectory  ap¬ 
proximation. 

The  result  of  cross  sections  calculations  using  Eq.(l) 
with  a  factor  5/3,  and  the  result  in  Eq.(3),  coincide  with 
the  results  in  Tables  1  and  2  for  the  stripping  cross  sec¬ 
tions  by  a  fully  stripped  nitrogen  ion  calculated  in  the  clas¬ 
sical  trajectory  approximation  and  the  Bom  approximation 
of  quantum  mechanics,  respectively.  The  stripping  cross 
sections  calculated  in  the  classical  trajectory  approximation 
for  Cs'^  and  I~  ions  by  fully  stripped  nitrogen  ions  is  only 
factor  2-3  larger  than  the  stripping  cross  sections  by  neutral 
nitrogen  atoms,  which  is  in  qualitative  agreement  with  the 
observations  in  [3].  However,  there  is  a  large  difference,  up 
to  a  factor  100  (for  H~),  in  the  same  stripping  cross  sec¬ 
tions  calculated  in  the  Bom  approximation  of  quantum  me¬ 
chanics.  It  is  evident  that  the  stripping  of  Cs'^  ions  by 
decreases  by  a  factor  of  22. 46^/36^  =  7.5  compared  with 


/”  ions,  which  is  in  agreement  with  the  Bohr  [Eq.(l)]  and 
Bethe  [Eq.(3)]  formulas.  However,  the  stripping  cross  sec¬ 
tions  for  Cs'^  and  I~  ions  by  a  neutral  nitrogen  atom  differ 
by  only  a  factor  of  2  in  the  Bom  approximation. 

CONCLUSIONS 

The  new  scaling  formulas  in  Eqs.  (5)  and  (6)  for  the 
ionization  and  stripping  cross  sections  of  atoms  and  ions 
by  fully  stripped  projectiles  has  been  proposed.  We  have 
recently  investigated  theoretically  and  experimentally  the 
stripping  of  more  than  18  different  pairs  of  projectile  and 
target  particles  in  the  range  of  3-38  MeV/amu  to  study  the 
range  of  validity  of  both  the  Bom  approximation  and  the 
classical  trajectory  calculation.  In  most  cases  both  approx¬ 
imations  give  similar  results  [2,  5].  However,  for  fast  pro¬ 
jectile  velocities  and  low  ionization  potentials,  the  classi¬ 
cal  approach  is  not  valid  and  can  overestimate  the  stripping 
cross  sections  by  neutral  atoms  by  an  order-of-magnitude 
[13]. 
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Abstract 

The  present  ISAC  facility  at  TRIUMF  is  fed  by  one 
beamline,  beamline  2A,  that  can  direct  beam  to  one  of  two 
target  locations.  One  of  these  targets  has  been  in  use  since 
ISAC  was  commissioned;  the  second  is  currently  being 
commissioned.  The  number  of  proposals  for  experiments 
at  ISAC  are  such  that  we  feel  the  need  to  deliver  more  si¬ 
multaneous  radioactive  ion  beams.  A  proposal  has  been 
made  for  an  another  beamline  to  ISAC  so  as  to  make  addi¬ 
tional  beams  available.  Through  partial  extraction  by  H“ 
stripping,  this  proposed  line  would  extract  a  450-500  MeV 
beam  from  extraction  port  4  of  the  TRIUMF  cyclotron. 
A  fast  switching  system  would  be  used  to  feed  an  addi¬ 
tional  two  target  stations,  each  equipped  with  its  own  mass- 
separator  system.  These  new  target  stations  will  allow  tar¬ 
get  and  ion-source  development,  and  also  at  least  three  si¬ 
multaneous  experiments  at  ISAC.  In  addition  to  these  two 
target  stations,  provision  for  a  200  /xA  beam  dump  has  been 
made. 

INTRODUCTION 

ISAC  at  TRIUMF  is  a  radioactive  ion  beam  facility  that 
uses  the  isotope  separation  on  line  (ISOL)  technique  to  pro¬ 
duce  radioactive  ion  beams  (RIB).  The  ISOL  system  con¬ 
sists  of  a  primary  production  beam,  a  target/ion  source, 
a  mass  separator,  and  a  separated-beam  transport  system. 
These  systems  together  act  as  the  source  of  radioactive  ion 
beams  to  be  provided  to  the  accelerator  or  the  low-energy 
experimental  areas.  We  utilize  the  500  MeV  - 100  /x A  pri¬ 
mary  proton  beam  extracted  from  the  H“  cyclotron[l].  A 
new  beamline  has  been  built  to  transport  this  beam  to  one 
of  the  two  target  stations  followed  immediately  by  a  resid¬ 
ual  proton  beam  dump. 

Before  discussing  the  proposed  new  beamline  we  present 
an  overview  of  the  beamlines  that  are  presently  in  operation 
at  TRIUMF.  Figure  1  shows  a  layout  of  the  TRIUMF  cy¬ 
clotron  and  the  existing  beamlines.  Beamline  lA  (BLIA), 
running  to  the  east  of  the  cyclotron,  is  the  high-current 
beamline  that  feeds  experiments  in  the  meson  experimen¬ 
tal  hall.  Although  capable  of  extracting  beams  in  the  en¬ 
ergy  range  from  180  to  500  MeV  at  a  maximum  intensity 
of  170  /xA,  it  is  normally  run  at  500  MeV  at  a  beam  current 
of  ~  150  /xA.  Beamline  2C  is  used  for  proton  therapy  (PT) 
and  for  isotope  production.  The  latter  accepts  beam  in  the 
energy  range  of  70  to  1 10  MeV  with  a  typical  beam  current 
of  50/xA  (maximum  80  /xA).  To  the  west  of  the  cyclotron, 
beamline  4  (BL4)  feeds  beams  to  experimenters  in  the  pro¬ 


ton  experimental  hall.  The  energy  range  of  this  beamline  is 
180  to  500  MeV  at  a  maximum  intensity  of  10  /xA. 


LAYOUT  OF  TRIUMF  CYCLOTRON  SHOWING  EXTRACTED  BEAMS 


Figure  1:  Beamlines  in  the  cyclotron  vault. 

The  TRIUMF  ISAC  facility  is  now  fed  by  one  beamline, 
beamline  2A,  that  delivers  extracted  beam  in  a  northerly 
direction.  This  beamline  is  designed  for  extraction  ener¬ 
gies  between  480  and  500  MeV  and  an  intensity  of  100 
/xA-  Currently,  the  typical  operating  intensity  of  50  /xA  is 
limited  by  the  targets.  The  primary  proton  beam  can  be  di¬ 
rected  to  one  of  two  targets:  the  west  target  that  has  been 
in  operation  since  ISAC  was  commissioned,  and  the  east 
target  to  which  the  proton  beam  has  been  delivered  just 
recently.  Because  of  the  demand  for  experimental  beam, 
provision  of  additional  beamlines  to  ISAC  is  considered 
imperative. 

THE  PROPOSED  BEAMLINE  4N 

Historically,  extraction  port  4  of  the  TRIUMF  cyclotron 
has  been  used  for  beam  delivery  to  the  TRIUMF  proton 
experimental  hall.  There  the  demand  for  beam  time  for  ex¬ 
periments  has  been  declining.  Consequently,  it  is  proposed 
to  install  another  beamline  from  this  extraction  port  such 
that  this  new  beamline  could  be  used  to  provide  the  addi¬ 
tional  lines  to  the  ISAC  facility.  The  vault  portion  of  this 
beamline  is  seen  in  the  upper  left  comer  of  figure  1.  An 
overview  of  the  proposed  facility  is  shown  in  figure  2. 

This  new  beamline,  called  beamline  4N  (N  for  North), 
more-or-less  parallels  BL2A  and  runs  north  to  deliver  beam 
to  another  set  of  targets  and  mass  analyzing  systems.  Thus, 
in  principle,  three  beams  of  radioactive  ions — one  from 
beamline  2A  and  two  from  beamline  4N — could  be  deliv¬ 
ered  to  ISAC. 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 
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Figure  2:  Beamlines  to  the  ISAC  facility:  existing  BL2A  (right)  and  proposed  BL4N  (left). 


Optics  of  the  beamline 

The  vault  section  of  BL4N  utilizes  the  first  three 
quadrupoles  of  BL4.  Because  we  wish  to  leave  the  beam¬ 
lines  to  the  proton  experimental  hall  intact,  the  existing  40° 
dipole  is  replaced  with  a  switching  magnet  that  bends  40° 
left  and  32.6°  right  with  respect  to  the  direction  of  the  ex¬ 
tracted  beam.  A  quadmpole  doublet  is  also  added  in  this 
vault  section.  There  follows  a  long  16  m  drift  through  the 
(existing)  shielding  berm  of  the  cyclotron  to  the  tunnel  that 
encloses  the  remaining  portion  of  the  beamline.  In  the  tun¬ 
nel  a  quadmpole  doublet,  another  32.6°  dipole,  and  another 
quadmpole  doublet  are  the  first  transport  elements  encoun¬ 
tered  by  the  beam.  These  elements  are  used  to  produce 
a  dispersed  double  waist  at  the  midpoint  of  the  long  drift 
through  the  berm  and  a  doubly-achromatic  double  waist 
downstream  of  the  last  dipole. 

A  four-quadmpole  matching  section  follows  to  produce 


another  double  waist  with  a  beam  size  of  ±2  mm  in  each 
of  the  horizontal  and  vertical  directions. 

A  quadmpole  doublet  and  a  switching  magnet  follow. 
The  switching  magnet  directs  beam  to  the  two  targets.  The 
east  target  is  reached  through  a  bend  (relative  to  the  beam 
direction  at  the  entrance  of  the  switching  magnet)  of  60° 
to  the  right  followed  by  one  of  30°  to  the  left.  Similarly, 
the  west  target  is  reached  by  a  bend  of  40°  to  the  right  fol¬ 
lowed  by  one  of  10°  to  the  left.  Beam  size  at  each  target 
is  designed  to  be  a  double  waist  of  dimensions  ±2  mm  in 
each  of  the  horizontal  and  vertical  directions.  Because  any 
targets  will  be  relatively  thick,  double  achromaticity  at  a 
target  is  not  required.  However,  the  beamline  is  designed 
to  be  spatially  achromatic  {Riq  =  0  in  TRANSPORT  no¬ 
tation)  only  at  a  target. 

Figure  3  shows  the  beam  half-widths  along  the  beamline 
leading  to  the  east  target.  Note  that  the  vertical  half-width 
is  plotted  as  negative. 
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Figure  3:  Beam  envelopes  along  the  beamline  leading  to 
the  east  target. 

With  all  beamlines  operating  at  their  full  intensities 
(BLl  A  at  150  //A,  BL2C  at  50  //A,  BL2A  at  100  /xA.  and 
BL4N  at  100  /iA),  a  beam-dump  capacity  of  400  /xA  will 
be  required  in  order  that  the  cyclotron  be  tuned  for  extrac¬ 
tion  of  that  amount  of  beam.  Consequently,  another  beam¬ 
line  bending  20°  degrees  to  the  right  (relative  to  the  beam 
direction  at  the  entrance  of  the  switching  magnet)  is  pro¬ 
posed  to  direct  beam  to  a  200  /xA  beam  dump.  This,  in 
conjunction  with  the  BLl  A  beam  dump,  provide  the  re¬ 
quired  beam-dump  capacity. 

NEW  TARGET  STATIONS  FOR  THE  ISAC 
FACILITY 

The  ISAC  taiget  stations  are  located  in  a  sealed  build¬ 
ing  serviced  by  an  overhead  crane.  The  target  maintenance 
facility  includes  a  hot  cell,  warm  cell,  decontamination  fa¬ 
cilities,  and  a  radioactive  storage  area.  The  target  area  is 
sufficiently  shielded  so  that  the  building  is  accessible  dur¬ 
ing  operation  at  the  maximum  proton  beam  current. 

Beamline  elements  near  the  target  are  installed  inside 
a  large  T-shaped  vacuum  chamber  surrounded  by  close- 
packed  iron  shield.  This  general  design  eliminates  the  air 
activation  problem  associated  with  high-current  target  ar¬ 
eas  by  removing  all  the  air  from  the  surrounding  area.  The 
design  breaks  naturally  into  modules;  an  entrance  module 
containing  the  primary  beam  diagnostics,  an  entrance  col¬ 
limator  and  a  pump  port;  a  beam  dump  module  containing 
a  water  cooled  copper  beam  dump;  a  target  module  con¬ 
taining  the  target/ion  source,  extraction  electrodes  and  first 
steering  component  and  heavy  ion  diagnostics;  and  two  exit 
modules  containing  the  optics  and  the  associated  diagnos¬ 
tics  for  the  transport  of  heavy  ion  beams. 

The  actual  ISAC  facility  comprises  two  target  stations. 
They  share  the  same  proton  beam  and  the  same  mass  sep¬ 
arator,  We  can  swap  from  one  to  the  other  by  reversing 
the  magnetic  field  in  the  Y-magnet  in  beam  line  2A.  This 
mode  of  operation  does  not  permit  target  and  new  ion  beam 


development  and  simultaneous  delivery  of  RIB  to  experi¬ 
ments. 

Development  of  new  RIB  is  crucial  because  each  ele¬ 
ment  can  take  up  to  2  years  before  it  can  be  delivered  to 
experiments.  On  the  other  hand,  ion-source  development 
in  the  harsh  environment  of  the  target  is  even  more  crucial. 

In  order  to  allow  target  and  ion  source  developments  for 
the  future  program  at  ISAC  we  are  planning  to  build  new 
target  stations  on  the  new  beam  line  4N.  The  actual  tar¬ 
get  hall  will  be  expanded  to  the  west  to  include  room  for 
the  two  new  target  stations.  The  idea  is  to  use  as  much  of 
the  actual  infrastructure  that  we  have  developed  over  the 
last  10  years  for  the  remote  handling,  nuclear  ventilation, 
waste  storage,  etc.  Furthermore,  the  new  target  station  will 
use  the  same  technology  we  have  successfully  developed 
for  our  actual  RIB  operation.  Figure  2  shows  a  layout  of 
the  actual  and  proposed  target  stations.  Each  of  the  new 
stations  will  have  its  own  mass  separator  in  order  to  be  able 
to  switch  from  development  work  to  RIB  delivery  in  a  very 
short  time. 

Eventually,  we  will  be  able  to  deliver  more  beams  by  the 
addition  of  a  new  switch-yard  in  the  diagnostic  box  like  the 
ISOLDE  GPS  design  [2].  This  design  allows  the  selection 
of  three  ion  beams  within  the  mass  range  of  ±15%  from 
the  central  ray.  This  setup  will  eventually  allow  us  to  serve 
three  experiments  at  the  same  time. 
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Abstract 

Closure  of  the  University  of  Maryland  Electron  Ring 
(UMER)  is  anticipated  in  May  2003.  An  initial  prototype 
of  the  injection  “Y”  has  been  completed.  Electro¬ 
mechanical  aspects  of  the  design  and  test  results  of  this 
prototype  are  presented.  The  design  incorporates  an 
offset  quadmpole  and  a  pulsed  dipole  to  achieve  the  10- 
degree  bend  required  from  the  injection  line.  To 
accommodate  penetration  of  the  pulsed  dipole  magnetic 
field  a  glass  gap  has  been  inserted  at  the  point  of 
injection.  A  fixture  was  used  to  align  the  sections  of  the 
assembly  and  serves  as  a  permanent  mount  plate.  A 
similar  method  will  be  used  for  extraction  of  the  beam 
after  the  electron  ring  has  been  closed. 

INTRODUCTION 

The  University  of  Maryland  Electron  Ring  (UMER)  is  a 
low  energy  (10  kV),  high  intensity  (100  nxA), 
recirculating  electron  ring  designed  to  explore  the  physics 
of  space  charge  dominated  beams  [1,2].  Closure  of  the 
ring  is  anticipated  in  May  2003.  In  order  to  close  the  ring, 
a  “Y”  shaped  section  must  replace  the  10®  bend  that  is 
currently  installed  on  UMER  at  the  point  where  the 
injection  line  intercepts  the  ring. 

Design  of  the  injection  Y  was  dependent  upon  the 
method  adopted  for  beam  injection.  Two  design  schemes 
are  still  in  competition  for  the  final  experimental  setup. 
The  first  utilizes  electrostatic  steering  of  the  beam  using 
an  applied  voltage  on  parallel  capacitive  plates  in  a 
custom-made  vacuum  chamber.  This  scheme  would 
require  several  components  to  be  precisely  placed  within 
the  chamber  and  electrical  feed-throughs  on  custom 
flanges  for  connections  to  the  plates  and  any  diagnostics. 
Due  to  limited  space,  the  quadmpole  magnets  may  also 
need  to  be  placed  within  the  vacuum.  It  was  assumed  that 
all  these  requirements  would  significantly  increase  the 
size,  cost,  and  difficulty  of  the  assembly. 

The  second  method  is  magnetic  steering  of  the  beam 
using  pulsed  coils  to  create  an  orthogonal  magnetic  field 
component.  This  injection  scheme  eliminates  the 
requirements  for  large  chambers  as  all  magnetic 
components  may  be  mounted  outside  the  vacuum 
boundary.  Components  may  be  adjusted,  repaired,  or 
even  upgraded  without  breaking  vacuum.  The  latter 
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design  was  chosen  for  our  first  attempt  and  is  described  in 
this  presentation.  Work  done  by  H.  Li  [3]  describes  in 
detail  the  magnetic  components  of  this  injection  scheme. 
The  work  presented  in  ihis  paper  is  primarily  concerned 
with  the  mechanical  design  of  this  complicated  assembly. 

DESIGN  PROCEDURE 

The  design  of  the  injection  Y  is  centered  (both 
physically  and  mathematically)  on  the  point  where  the 
injection  line  meets  the  electron  ring.  Figure  1  shows  an 
overview  of  the  complete  assembly.  In  this  figure  the 
beam  is  injected  fi*om  the  upper  left  (Arm  #1),  enters  the 
ring  to  the  right  (Arm  #2),  and  returns  through  the  lower 
left  arm  (Arm  #3). 


Figure  1:  Injection  Y  assembly  with  magnets  installed. 

Glass  Gap 

The  pulsed  dipole  is  centered  on  the  point  of  injection 
therefore  a  nonmagnetic  material  is  required  in  this 
region.  A  glass  gap  of  approximately  10  cm  was 
constructed  by  Larson  Electronic  Glass.  We  wished  to 
minimize  disturbances  to  the  magnet  field  in  the  region  of 
injection,  therefore  the  glass  is  joined  to  one  inch  of  316 
series  stainless  steel  at  each  end  by  the  use  of  a 
“housekeeper”  detail  in  which  the  steel  is  tapered  down  to 
approximately  0.002  inches  of  thickness  where  it  meets 
the  glass.  This  taper  accommodates  the  differences  in 
thermal  expansion  between  the  steel  and  glass.  Weld 
reliefs  were  cut  at  the  outer  edge  of  the  steel  to  facilitate 
connection  at  both  ends  to  the  vacuum  structure.  This 
bonding  method  eliminates  any  magnet  material  in  the 
joint,  but  because  the  steel  is  so  thin,  it  places  limitations 
on  structural  strength  at  the  same  time.  Details  of  this 
construction  may  be  seen  in  Figure  2. 

The  minimum  diameter  of  the  cylinder  is  limited  by  its 
overall  length  and  the  fact  that  it  must  incorporate  a 
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Figure  2:  Cutaway  view  of  injection  Y  assembly. 


connection  to  the  2.0  inch  pipes  from  both  the  injection 
line  and  ring  return,  each  offset  by  plus  and  minus  10® 
respectively  from  the  center  line  of  the  cylinder.  When 
the  length  is  fixed  at  10  cm,  these  restrictions  yield  a 
diameter  slightly  larger  than  3  inches.  Since  glass  this 
large  is  commonly  manufactured  in  0.25  inch  incremental 
diameter,  we  were  forced  to  step  up  to  outer  diameter  of 
3.25  inches. 

Finally,  a  thin  coating  of  conducting  material  was 
required  to  prevent  any  possibility  of  charge  buildup  and 
damage  to  the  glass  or  glass-steel  joint.  The  coating  also 
had  to  be  thin  enough  to  permit  the  fast  pulsed  magnetic 
field  penetration.  According  to  Faltens  [4]  the  thickness 
of  a  thin  coating  is  related  to  the  field  penetration  time  for 
a  dipole  by 

(1) 

where  dR  is  the  thickness,  c  is  the  speed  of  light,  t  is  the 
penetration  time,  p  is  resistivity,  and  R  is  the  radius.  For 
field  penetration  times  on  the  order  of  5  ns  and  using 
aluminium  (p=2.4xl0'*n-m),  Eqn.  1  yields  veiy  thin 
coating  thicknesses  of  approximately  20  to  30  nm.  It  was 
found  however,  that  the  resistivity  of  the  coating  increases 
greatly  with  the  formation  of  an  oxide  layer  over  the 
aluminium.  The  measured  resistance  of  several  prototype 
aluminium  coated  cylinders  varied  from  10  to  30  ohms, 
an  order  of  magnitude  better  than  needed.  The  resistance 
of  the  final  assembly  was  not  measured  due  to  the  risk 
associated  with  damaging  the  coating.  All  the  vapor 
deposition  was  done  within  IREAP. 

The  pulsed  dipole  has  been  fabricated  from  #18  magnet 
wire  wrapped  on  a  plastic  cylinder  with  a  diameter  of 
88  mm.  The  pulsed  dipole’s  axial  length  is  44  mm. 
Initial  tests  of  the  dipole  indicate  that  the  magnetic  field 
rise  time  is  on  the  order  of  20  ns. 

Junction 

The  three  branches  of  the  Y  section  are  welded  to  one 
junction  piece.  The  junction  has  been  cut  from  a  solid 


piece  of  316  series  stainless  steel.  Counterbores  have 
been  included  to  facilitate  weld  reinforcement  rings 
required  on  arms  #1  and  #3.  A  weld  relief  was  cut  around 
the  right  end  to  minimize  weld  stresses  when  connecting 
to  the  glass  gap  assembly. 

An  oversized,  offset  quadrupole  mounts  over  the 
junction.  This  quadrupole  has  been  designed  to  bend  the 
beam  approximately  5®  and  ease  the  demands  placed  on 
the  pulsed  dipole. 

Arm  #1 

The  injection  line  mates  to  Arm  #1  by  means  of  a 
4.5  inch  rotatable  Conflat  flange.  A  set  of  formed  bellows 
has  been  added  to  allow  for  small  adjustments  and 
connection  to  the  downstream  end  of  the  injection  line. 
The  length  of  this  arm  was  determined  by  the  spacing  of 
the  focusing  quadrupoles  mounted  over  it.  Weld  support 
rings  were  added  at  both  ends  of  the  thin-walled  stainless 
steel  pipe  to  prevent  damage  during  final  assembly. 

Arm  #2 

The  injection  Y  mates  to  the  electron  ring  at  Arm  #2. 
Formed  bellows  were  incorporated  again  to  allow  for 
small  adjustments  and  connection  of  the  vacuum  flanges. 
Arm  #2  also  reduces  the  diameter  of  the  vacuum 
boundaiy  back  down  to  the  standard  diameter  throughout 
the  ring  (d=1.96  inches).  The  reduction  is  done  in  a 
tapered  section  over  1.0  inch  axial  distance. 

Arm  #3 

The  return  path  of  the  beam  is  through  Arm  #3.  No 
bellows  were  required  because  the  downstream  end  of  the 
last  ring  chamber  has  bellows.  Arm  #3  has  a  10®  bend  as 
determined  by  the  uniform  spacing  of  the  ring’s  36 
bending  dipoles.  Weld  support  rings  were  added  at  both 
ends  of  this  ama  again  to  prevent  damage.  Quadrupole 
mount  blocks  placed  on  both  Arm  #1  and  Arm  #3  near  the 
junction  will  require  modification  as  shown  by  the  tapered 
cut  in  Figure  2. 
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Support  plate 

All  the  previously  described  components  must  be 
positioned  within  tolerances  acceptable  for  UMER.  To 
achieve  this,  a  pair  of  support  plates  were  manufactured  at 
IREAP.  The  separate  pieces  were  sandwiched  between 
the  two  plates,  held  in  position  by  brackets,  and  welded. 
The  support  plate  simplifies  alignment  of  the  completed 
assembly  within  the  electron  ring  because  precision  holes 
were  bored  under  the  injection  point  and  the  bend  in 
Arm  #3.  Finally,  the  support  plate  provides  physical 
protection  to  the  very  fi-agile  glass  gap  and  prevents 
compression  forces  on  the  glass-steel  joint.  A  photograph 
of  the  completed  assembly  with  the  top  plate  removed  is 
presented  in  Figure  3. 


Figure  3:  Completed  assembly  of  the  injection  Y. 

CONCLUSIONS 

The  pulsed  magnetic  beam  steering  version  of  the 
injection  Y  has  been  built.  A  glass  gap  with  a  thin 
conductive  coating  permits  fast  penetration  of  the  pulsed 
dipole  magnetic  field.  A  prototype  pulsed  dipole  has  been 
built  and  successfully  tested.  Initial  beam  tests  are 
scheduled  for  the  next  phase  of  experimentation  when  we 
will  install  the  injection  Y  at  the  end  of  the  beam  line. 
Lessons  learned  in  the  design  and  construction  of  the 
injection  Y  will  be  used  in  development  of  the  extraction 
Y. 
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Abstract 

A  new  optics  design  for  beam  injection  into  the 
University  of  Maryland  Electron  Ring  (UMER)  is 
proposed  for  multi-turn  operations.  We  review  the 
previous  method  where  two  pulsed  and  physically 
overlapped  Panofsky  quadrupoles  (one  is  centered  on  the 
injector  and  the  other  is  centered  on  the  ring)  are 
employed.  The  new  design  with  only  one  DC  quadrupole 
reduces  both  the  mechanical  and  electrical  complexities. 
The  DC  quadrupole  is  located  symmetrically  relative  to 
the  injector  (+10®)  and  the  ring  (-10^  The  beam’s 
centroid  motion  as  well  as  space-charge-dominated  beam 
matching  is  studied  to  evaluate  the  new  design.  Some 
relevant  beam  issues  such  as  stability  and  experimental 
considerations  are  also  discussed  for  the  multi-turn 
operations. 


INTRODUCTION 

The  biggest  challenge  for  the  completion  of  the 
University  of  Maryland  Electron  Ring  (UMER)  [1]  is  the 
design  of  the  beam  optics  for  the  injector  region.  This 
includes  several  quadrupoles  and  dipoles  in  a  very 
stringent  space.  We  had  planned  initially  to  use  two 
pulsed  Panofsky  quadrupoles  [2]  as  well  as  a  pulsed 
dipole.  As  illustrated  in  Figure  1,  the  Panofsky  Quad  1 
(PQl),  replacing  one  of  the  regular  ring  quadrupole,  is 
centered  on  the  ring  for  multi-turn  operation,  while 
Panofsky  Quad  2  (PQ2)  is  centered  on  the  injector  to 
provide  focusing  for  the  injected  beam.  However,  by 
using  this  method,  complex  mechanical  and  electrical 
issues  arise  despite  the  simplicity  in  the  beam  optics.  First 
of  all,  the  two  Panofsky  quads  must  physically  overlap. 
Furthermore,  PQl  has  to  be  squeezed  between  PQ2  and 
the  pulsed  dipole.  Thus,  we  have  two  quads  of  slightly 
different  sizes  over  a  very  stringent  space.  Secondly,  one 
of  the  PQs  must  be  switched  on  (off)  while  the  other  is  off 
(on)  to  avoid  field  overlap.  Since  we  are  planning  to  use 
wire  magnetic  quadrupoles,  the  number  of  conductors  has 
to  be  reduced  to  achieve  the  desired  fast  switching,  which 
means  we  must  make  a  compromise  between  field  quality 
and  circuit  inductance.  In  order  to  overcome  the 
disadvantages  stated  above,  we  have  chosen  a  simpler 
scheme,  which  reduces  both  the  mechanical  and  electrical 


complexities,  but  also  makes  the  beam  optics  more 
complicated  than  in  the  original  design.  As  shown  in 
Figure  2,  one  large  DC  quad  is  centered  on  the  bisector  of 
the  injector  legs  and  the  ring,  making  ±10®  angles  with  the 
pipe  axes.  When  the  injected  and  return  beams  pass 
through  the  large  quadrupole  with  an  angle  and  an  axis- 
offset,  the  beams  see  a  dipole  field  as  well  as  a 
quadrupole  field.  The  extra  dipole  term  will  be  beneficial 
to  assist  the  bending.  In  order  to  adjust  the  beam  centroid 
exactly  into  the  injection  point,  two  extra  short  dipoles 
(SDl  and  SD2)  are  required  to  steer  the  beam  towards  the 
quadrupole  axis.  Further,  the  large  quadrupole  must  be  a 
defocusing  one  horizontally  so  that  the  beam  is  bent 
outward  of  the  injection  point.  We  will  describe  here  the 
relevant  optics  of  beam  centroid  motion  and  envelope 
matching  for  injection  of  a  space-charge-dominated  beam. 


Figure  1:  UMER  injection  design,  scheme  1 


Figure  2:  UMER  injection  design,  scheme  2 


BEAM  CENTROID  CONTROL 

The  deflection  angle  by  SDl  must  be  precisely 
calculated  so  the  beam  centroid  can  move  along  the  pipe 
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axis  after  passing  through  the  injection  dipole.  We  have 
derived  a  first  order  solution  for  the  simplified  model 
shown  in  Figure  3.  If  we  assume  that  the  short  dipole  and 
pulsed  dipole  are  both  thin  lenses,  and  the  big  DC  quad  is 
modeled  with  a  hard-edge  gradient  profile  and  an 
effective  length  /,  the  overall  transfer  matrix  can  be 
written  as  •  Mj  •  ,  where  Ms,  and  M/  are  the 

matrices  for  the  drift  regions  s,  d  and  the  quad, 
respectively.  The  matrix  analysis  yields  the  deflection 
angle  G  (at  the  short  dipole),  and  the  bending  angle  p  (at 
the  pulsed  dipole),  required  for  zero  injection  error. 
Equations  (1)  and  (2)  give  ^and  p  in  terms  of  geometrical 
parameters  and  the  quadrupole  strength. 


Figure  3:  Simple  injection  model 


^  =  tan 


(a-^kdb)is  +  d  +  l) 
a(s  +  d)-\-b{l/ ksd) 


tan  Of  -  Of , 


P  =  tan 


(s  +  d-^l) 

a{s  -\-d)-\-b{l/ k  +  ksd) 


where  o  =  cosh(A:/) ,  i  =  sinh(A:/),  =  eG  l(myPc)  , 
and  G  is  the  quad  field  gradient.  For  the  UMER  injector, 
given  Of  =  10^  s  =  6.66  cm,  d  =  4.69  cm,  1=6  31  cm  and  k 
=  1 1 .63  m“^  we  get  the  required  deflection  angle  0^  2.43^ 
and  p^  7.26®  from  Eqs.  (1)  and  (2). 

In  reality,  there  are  several  factors  that  lead  to 
deviations  fi*om  the  above  results  for  0  and  p.  First,  the 
big  DC  quad  has  a  wide  fringe  field;  second,  the  short 
dipole  and  the  pulsed  dipole  are  not  thin  lenses  either; 
third,  UMER  is  often  operated  in  the  strong  space-charge- 
dominated  regime.  In  order  to  reflect  all  these  effects,  we 
performed  a  more  realistic  simulation  with  accurate  3D 
magnetic  fields  in  the  particle-in-cell  (PIC)  code  WARP 
[3].  In  this  stage,  we  chose  a  typical  UMER  operation 
point:  £■  =  10  keV,  /  =  24  mA,  £•  =  30  jim,  Vq  =  7.6  and 
k/ko  «  0.30  (tune  depression).  The  simulation  yielded  the 
exact  solution  2.58®  and  p^  7.23®,  which  agrees  very 
well  with  the  approximate  solutions  from  Eqs.  (1)  and  (2). 

Another  important  issue  besides  the  correct  0  and  p 
settings  is  the  stability  of  the  scheme.  If  an  initial  error  AG 


is  introduced  by  SDl,  an  error  at  the  injection  point  will 
occur.  The  matrix  analysis  give  the  injection  errors  caused 
by  errors  in 

Ax  «  4^(5-  -\rd)  +  b(yik^-  ksd)]  •  A^ ,  (3) 

A/?  «  -{q  +  ksb)  •  A0 .  (4) 

where  Ax  is  the  location  error  and  Ap  is  the  angle  error  at 
the  injection  point.  For  example,  if  the  short  dipole  SDl 
introduces  an  error  of  1%,  the  induced  injection  errors  are 
about  0,1  mm  and  0.05®.  If  the  error  in  G  is  5%,  the 
resultant  injection  errors  are  about  0.5mm  and  0.23®. 
These  injection  errors  seem  small  for  beam  transport  over 
short  distances,  but  it’s  important  to  imderstand  the  effect 
for  multi-turn  operation.  Clearly  the  largest  potential 
errors  may  occur  at  SD2  and  the  big  quad  (see  Fig.  2)  on 
the  beam  return. 


2  (m) 

Figure  4:  Beam  centroids  motion  in  4  turns  with  an  initial 
angle  error  1%  by  SDl. 


Z(m) 

Figure  5:  Beam  centroids  motion  in  4  turns  with  an  initial 
angle  error  5%  by  SDl. 


Figure  4  and  5  show  the  beam  (x)centroid  motion  in  4 
turns  with  1%  and  5%  errors  (AG/&)  in  SDl,  respectively. 
The  bending  angle  by  the  pulsed  dipole  and  the  deflection 
angle  by  SD2  are  set  correctly.  The  beam  centroid  is 
measured  relative  to  the  reference  trajectory  of  the  ring 
lattice.  In  both  Figs.  4  and  5,  the  first  negative  spike 
reflects  the  beam  centroid  deviation  from  the  injector’s 
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pipe  center  when  passing  though  SDl  and  the  big  quad. 
The  positive  spikes  downstream  happen  exactly  when  the 
beam  travels  back  to  SD2  and  the  big  quad  in  the 
following  turns.  From  Fig.  4,  the  centroid  oscillation 
(ripple)  due  to  the  1%  initial  error  is  quite  small.  From 
Fig.  5,  the  centroid  oscillations  due  to  the  5%  initial  error 
do  not  grow  in  the  following  turns.  The  centroid  ripples 
within  1  mm,  which  may  be  corrected  with  additional 
steering. 

The  mechanical  design  of  the  new  injection  scheme  has 
been  completed  [4].  Since  the  magnet  fields  involved  are 
small,  we  also  need  the  means  to  balance  the  vertical 
component  of  the  Earth’s  field.  Equations  (1)  and  (2)  will 
be  our  starting  point  or  guideline  for  future  experiments. 
Refinements  should  be  possible  by  changing  the  strengths 
of  SDl  and  pulsed  dipole  iteratively  to  reduce  the 
injection  errors,  using  a  similar  procedure  as  in  the 
simulation.  The  injection  errors  (Ax,  Aft)  can  be  measured 
with  the  beam-position  monitor  (BPM)  in  the  first 
diagnostic  chamber  in  the  ring. 

BEAM  MATCHING 

Beam  matching  is  an  important  topic  besides  the 
centroid  control.  The  new  injection  scheme  makes  the 
optics  design  of  the  matching  section  more  difficult  than 
before.  The  reasons  can  be  summarized  as  follows:  (I)  the 
beam  will  experience  a  changing  quadrupole  gradient 
(though  the  changes  are  small)  through  the  big  quad 
because  of  the  curved  trajectory.  (II)  The  integrated  field 
gradients  along  the  beam  trajectory  for  the  x  and  y 
directions  will  be  slightly  different.  This  introduces  a 
small  asymmetry  in  the  focusing.  (Ill)  The  big  quad  has  a 
much  larger  effective  length  and  longer  fringe  fields  than 
the  regular  ring  quadrupoles,  which  impair  the  periodic 
FODO  structure  around  the  injection  region.  Despite  these 
drawbacks,  we  can  still  work  on  a  solution  with  the 
envelope  sizes  and  slopes  to  do  rms  envelope  matching. 
Unfortunately,  we  could  not  use  the  KV  envelope 
equations  to  solve  this  problem  because  of  the  difficulties 
to  build  an  accurate  quadrupole  model  along  the  curved 
trajectory.  We  chose  the  same  PIC  code  beam  parameters 
as  in  the  previous  section.  The  beam  matching  is 
performed  by  varying  the  quadrupole  strengths  in  the 
injector  and  observing  the  rms  beam  sizes  and  slopes  (x,  y 
,  x’,  y’ )  at  a  specific  location  in  the  periodic  lattice  after 
the  injection  region,  where  the  desired  beam  sizes  and 
slopes  are  known.  The  result  is  plotted  in  Figure  6  for  the 
injector  region  and  the  first  half  turn.  The  beam  displays  a 
slight  mismatch  (~0.5mm)  that  does  not  grow  for  the 
following  turns  (not  shown  in  the  figure).  It  is  an 
acceptable  result  considering  the  above  effects.  In  the 
bottom  part  of  Fig.  6,  we  also  plotted  the  corresponding 
beam  centroid  motion.  The  negative  spike  occurs  around 
the  injection  region,  while  the  small  ripples  downstream 
correspond  to  effects  from  the  ring  bending  dipoles. 


Figure  6:  X-Y  rms  envelopes  and  X  centroid.  Solid  line: 
x-y  envelopse;  bottom  line:  x-centroid. 


Figure  7:  Simulated  beam  cross  sections  for  evolution 


through  the  injection  region. 

Figure  7  shows  the  evolution  of  a  matched  beam 
through  the  injection  region,  starting  12  cm  upstream  of 
the  large  DC  quad.  The  picture  in  the  middle  represents 
the  beam  at  the  center  of  the  large  DC  quad.  The  beam 
centroid  shift  is  clearly  observed. 

CONCLUSIONS 

We  have  presented  calculations  and  simulations  for  a 
new  injection  scheme  for  multi-turn  operation  in  the 
University  of  Maryland  electron  Ring  (UMER).  The  great 
advantage  of  the  new  scheme  lies  in  its  simplicity  both 
mechanically  and  electrically:  one  large  DC  quadrupole  is 
used  instead  of  the  two  pulsed  quads  of  the  original 
design.  In  studying  the  beam  optics,  we  have  developed  a 
simple  model  to  calculate  the  deflection  angles  of  the 
involved  magnets,  which  can  be  used  as  the  starting  point 
for  the  experiments.  We  have  also  tested  the  stability  of 
the  system  and  found  it  to  be  acceptable.  Furthermore, 
beam  matching  calculations  with  the  new  elements  show 
slight  mismatches  that  can  be  reduced  by  refinements  in 
the  design  of  the  injection  quad. 

We  would  like  to  thank  Tom  Shea  who  gave  us  the 
initial  idea  for  the  injection  scheme. 
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Abstract 

We  propose  a  new  extraction  scheme  with  a  massless 
septum  magnet  in  FFAG  accelerator,  with  which  the  DC 
beam  can  be  extracted.  The  system  consists  of  a  com¬ 
bination  of  massless  and  ordinary  septa  without  kickers. 
After  passing  through  the  massless  septum,  the  beam  tail 
is  stretched  by  the  field  gradient  of  the  massless  septum 
magnet,  and  that  can  be  extracted  with  an  ordinary  septum. 
From  the  result  of  the  tracking  simulation,  the  principle  of 
the  extraction  scheme  is  verified.  The  result  of  the  perfor¬ 
mance  test  of  the  massless  septum  indicates  that  the  magnet 
works  well  as  designed,  and  this  scheme  is  feasible. 

INTRODUCTION 

After  the  first  proton  acceleration  of  the  Proof  of  Princ- 
ple  (PoP)  FFAG  synchrotron,  we  have  been  studying  the 
scheme  of  the  beam  extraction  from  it. 

Due  to  the  fast  beam  acceleration  of  FFAG  accelerator, 
fast  extraction  with  high  repetition  kicker  magnet  is  or¬ 
dinary  adopted  as  the  beam  extraction  scheme  of  FFAG. 
Therefore  he  development  of  kicker  with  high  repetition 
rate  is  a  technical  challenge.  On  the  other  hand,  the  slow 
extraction  scheme  using  the  resonance  of  horizontal  beta¬ 
tron  oscillation  requires  complicated  control  system.  Here, 
by  making  use  of  the  characteristics  of  FFAG  accelerator,  a 
novel  slow  extraction  scheme  is  proposed. 

BEAM  EXTRACTION  WITH  A  MASSLESS 
SEPTUM  MAGNET 

The  proposed  scheme  employs  so  called  ’’massless  sep¬ 
tum”  which  is  proposed  by  LANL  group  [1]  [2].  Typical 
configuration  of  the  magnet  is  shown  in  Figure  1,  and  the 
generated  field  is  typically  as  shown  in  Figure  5.  The  field 
of  the  massless  septum  is  divided  into  two  types.  One  is  flat 
field  region  and  the  other  is  the  region  with  field  gradient. 
The  region  with  the  field  gradient  is  the  key  of  the  proposed 
scheme. 

The  principle  of  the  extraction  schemes  is  as  follows.  As 
the  beam  is  accelerated,  the  orbit  approaches  to  the  region 
with  field  gradient.  Finally,  when  a  part  of  the  beam  tra¬ 
verses  the  region,  the  beam  tail  is  stretched  by  the  field 
gradient  (Figure  1  (a)).  The  beam  tail  is  scraped  with  or¬ 
dinary  septum,  and  extracted  (Figure  1  (b)).  It  is  the  ba¬ 
sic  idea  of  the  proposed  extraction  scheme.  After  that,  the 
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beam  tail  is  returned  to  the  closed  orbit  in  the  secondary 
massless  septum  magnet  (Figure  1  (c)). 

Similar  to  the  case  of  slow  extraction,  the  high  efficiency 
of  the  beam  extraction  is  expected  when  the  extraction 
scheme  with  massless  septuni  magnet  is  employed.  Be¬ 
cause  the  tail  of  the  beam  that  is  developed  with  massless 
septum  magnet  is  sufficiently  long  compared  to  the  thick¬ 
ness  of  the  coil  or  wire,  the  efficiency  of  beam  extraction 
with  a  massless  septum  magnet  can  be  obtained  as  below: 

e  =  1  -  XT7 -  (1) 

AA/cosa 

€,  t  and  AX  are  the  efficiency  of  the  extraction,  the  thick¬ 
ness  of  the  electric  septum  and  the  moving  distance  after 
the  acceleration,  respectively,  a  is  an  acute  angle  between 
the  beam  and  it’s  tail. 


Figure  1:  Extraction  scheme  with  massless  septum  magnet 
(a)  beam  tail  is  developed  (b)  beam  is  extracted  with  an 
electric  septum  (c)  beam  tail  returned  to  the  closed  orbit 


TRAKING  SIMULATION  OF  THE  BEAM 
EXTRACTION  WITH  MASSLESS 
SEPTUM 

To  examine  the  feasibility  of  the  extraction  scheme  with 
the  massless  septum  magnet,  single-particle  tracking  sim¬ 
ulation  using  Runge-Kutta  method  was  carried  out  in  the 
PoP  FFAG  synchrotron.  For  the  simplicity  of  the  simu¬ 
lation,  the  beam  is  assumed  to  be  linealy  distributed  (See 
Figure  1). 

Figure  2  shows  that  the  configuration  of  the  extraction 
system  for  the  simulation.  Since  the  phase  advance  per  one 
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cell  of  the  PoP  FFAG  is  nearly  equal  to  90  degree,  two 
massless  septum  magnets  are  separated  by  4  cells  in  this 
extraction  scheme.  The  result  of  the  simulation  is  shown 
in  Figure  3  As  the  result  of  the  tracking  simulation,  the 
principle  of  the  extraction  scheme  is  verified. 


Figure  2:  Configuration  of  the  extraction  system. 


Figure  3:  Shape  of  the  beam  in  the  phase  space  at  the  first 
masless  septum  magnet  (#1),  electrostatic  septum  (#2)  and 
the  second  massless  septum  magnet  (#3). 


DESIGN  OF  THE  SEPTUM  MAGNET 

A  septum  magnet  has  been  designed  for  the  purpose  to 
examine  the  feasibility  of  use  the  massless  septum  magnet, 
the  calculation  of  magnetic  field  were  carried  out  with  the 
computer  code  POISSON.  The  upper  half  of  the  designed 
magnet  is  shown  in  Figure  4.  The  calculated  field  lines  are 
also  presented  in  the  same  figure. 

The  horizontal  size  and  vertical  size  are  17cm  and  4.5cm 
respectively.  A  pair  of  shims  is  put  on  the  pole  edges  to 
pump  the  magnetic  field.  The  gap  height  from  the  medium 
plane  is  5mm  in  the  extracted  beam  region.  When  the 
coil  currents  are  1000 AT,  the  magnetic  flux  density  in  the 


I 

! 


X  [cm] 

Figure  4:  Upper  half  of  the  designed  magnet.  The  calcu¬ 
lated  field  lines  are  also  presented  in  this  figure. 


Figure  5:  Magnetic  flux  density  at  the  median  plane  plotted 
as  a  function  of  the  horizontal  position. 

extracted  region  is  0.1  T.  In  Figure  5,  the  magnetic  field 
strength  at  the  median  plane  is  plotted  as  a  function  of  the 
horizontal  position  from  left  edge  of  magnet. 

We  made  have  built  a  model  of  the  massless  septum 
magnet  based  on  the  field  calculation,  and  The  measure¬ 
ment  of  the  magnetic  field  was  carried  out.  The  result  of 
the  measurement  also  is  shown  in  Figure  5.  This  figure  in¬ 
dicates  that  the  calculation  result  and  the  experiment  result 
show  well  agreement.  The  picture  of  the  magnet  is  shown 
in  Figure  6. 

EXPERIMENT  WITH  THE  PROTOTYPE 
MAGNET 

Using  the  PoP  FFAG  synchrotron,  the  perfomance  of  the 
prototype  magnet  was  investigated.  The  aim  of  the  ex¬ 
periment  was  confirming  the  effect  that  the  beam  tail  is 
stretched  by  the  field  gradient  of  the  magnet.  The  mass¬ 
less  septum  magnet  was  installed  in  the  chamber  of  straight 
section  (Figure  2  #1).  The  ring  Faraday  cup  was  installed 
at  the  exit  of  the  magnet  to  observe  of  the  beam.  In  this 
experiment,  we  have  compared  the  beam  oscillation  when 
the  magnet  was  excited  and  not  excited.  The  typical  exper- 
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imental  result  is  shown  in  Figure  7.  In  this  figure,  when 
the  magnet  is  not  excited,  the  rising  edge  of  the  signal  is 
sharp.  The  signal  of  the  faraday  cup  is  rising  gradually, 
and  the  rise  time  becomes  fast  when  the  magnet  is  excited. 
This  result  indicated  that  the  beam  traversing  inside  of  the 
massless  septum  has  been  successfully  extracted. 


Figure  6:  Picture  of  the  massless  septum  magnet. 


Figure  7:  Signal  of  the  faraday  cup  with  excitation  magnet 
and  without 
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SUMMARY 

We  have  proposed  a  new  extraction  scheme  with  mass¬ 
less  septum  magnet,  and  the  feasibility  of  the  scheme  is 
examined.  From  the  result  of  the  tracking  simulation,  the 
principle  of  the  extraction  scheme  is  verified.  The  result 
of  the  performance  test  of  the  massless  septum  indicates 
that  the  magnet  works  well  as  designed,  and  the  extraction 
scheme  is  feasible. 

To  realize  the  scheme,  the  additional  simulation  in  detail 
and  experiment  are  now  going  on. 
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HEAVY  ION  BEAMS  IN  THE  LHC 
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Abstract 

In  addition  to  protons,  the  LHC  will  collide  beams  of 
heavy  ions.  The  beam  intensity  in  the  LHC  ring  is  tightly 
constrained  from  below  by  beam  instrumentation 
(visibility  on  the  beam  position  monitors  in  particular) 
and  from  above  by  magnet  quench  limits,  the  capabilities 
of  the  injectors  and  beam  lifetime.  We  summarise  current 
plans  for  beams  of  lead  ions  with  emphasis  on  nuclear 
electromagnetic  interactions,  commissioning  strategies 
and  the  differences  from  operation  with  protons. 

INTRODUCTION 

The  LHC  experiments  have  requested  collisions  between 
pp,  Pb-Pb,  p-Pb  and  p-A  beams,  where  ‘A’  denotes  one  of 
a  few  possible  species  of  light  ion.  Soon  after  start-up  of 
the  collider,  Pb-Pb  collisions  will  be  provided  to  the 
heavy-ion  detector  ALICE  and  one  or  both  of  the  general- 
purpose  detectors  CMS  and  ATLAS.  The  design  of  the 
chain  of  injectors,  including  the  new  LEIR  accumulator 
ring,  is  described  elsewhere  [1,2]. 

Given  that  the  nominal  emittance  of  the  ions 
corresponds  to  beams  of  the  same  size  as  the  nominal 
protons  at  the  same  magnetic  field,  many  considerations 
for  protons  [3]  can  be  applied  quite  directly  to  the  ions. 
In  this  paper,  we  concentrate  on  collisions  between  fully 
stripped  208p|j82+  highlighting  some  of  the  main 
issues  in  the  main  LHC  ring  itself.  Earlier  studies  on  the 
beam  parameters  for  ions  are  summarised  in  [4]. 

Recall  that  the  momentum  of  a  ftilly-stripped  ion  of 
charge  Z  and  mass  number  A  (in  AMU)  in  a  ring  with 
magnetic  field  and  radius  appropriate  for  a  proton  of 
momentum  is  Zp^  while  its  momentum  per  nucleon 

is  Zpp  /  A ,  Table  1  shows  some  main  parameters  for 
lead  ions  at  the  nominal  collision  energy  corresponding  to 
P^=7TeV. 

NUCLEAR  INTERACTIONS  OF  IONS 

Besides  the  hadronic  nuclear  interactions 

208pb82+  _j_208  p^82+  nuclear  ^  ^ 

nonlinear  QED  effects  come  into  play  in  the  peripheral 
collisions  of  heavy  ions  at  LHC  energies  [5].  Cross- 
sections  for  electromagnetic  interactions,  notably  those 
involving  e^e’  pair  production,  are  very  large.  These 
processes  include  the  familiar  Rutherford  elastic 
scattering: 

208  p^82+  _^208  p^^82^  _X^208  _^208  p^82+  (2) 

and  free  pair  production: 

208  p^82.  _^208  p^82.  ^^208  _^208  p^^82.  ^  +  g-  (3) 


Table  1:  Parameters  for  Pb-Pb  collisions  in  the  LHC 
common  to  all  performances  scenarios  given  later. 


Energy  per  nucleon 

E. 

2.76 

TeV 

Crossing  angle 

<|) 

~80 

prad 

Transverse  (RMS) 
normalised  emittance 

1.5x10-* 

m 

Longitudinal 

emittance 

S. 

2.5 

eV 

s/charge 

Bunch  length  (RMS) 

0.075 

m 

No.  of  experiments 

2/3 

Although  copious,  these  two  processes  are  harmless 
because  the  momentum  changes  of  the  ions  are  small. 

Electron  Capture  by  Pair  Production  (ECPP) 

This  process  is  closely  related  to  (3)  but  the  final  state 
electron  is  captured  by  one  of  the  ions 

208  p|^82+  _^208  p^82+  p^^82^  ^208  p^81+  (4) 

The  cross  section  for  ECPP  has  been  discussed  in 
numerous  works;  among  them  the  extrapolation  from 
measurements  in  fixed-target  experiments  at  the  SPS  [6] 
and  recent  QED  calculations  [7].  Table  I  of  [7]  provides 
the  best  currently  available  estimate  of  the  Pb-Pb  ECPP 
cross-section  at  LHC  energies.  Summing  the  partial 
cross-sections  for  a  few  of  the  lowest  bound  states  gives 
CTecpp  « 281bam,  significantly  higher  than  in  earlier 
discussions. 

The  magnetic  rigidity  of  the  ion  is  increased  by  the 
capture  of  the  electron  and  the  equivalent  fractional 
momentum  deviation  is 

s,  =^  =  0.012  forPb  (5) 

This  shifts  the  momentum  right  outside  the  acceptance 

|5j>5r«6xl0-^  (6) 

and  the  lost  ion  will  follow  a  dispersive  trajectory  from 
the  interaction  point  towards  the  downstream  arc  until  it 
strikes  the  beam  screen  at  a  point  where  the  horizontal 
dispersion  function  satisfies  the  condition 

x^{s)^D(s)hp  =18mm=>  D(s)^\,5m  (7) 

The  angle  of  incidence  at  the  point  of  impact 
•  To  see  where  this  point  is,  we  inspect 

the  example  of  the  ions  of  Beam  1 ,  travelling  away  from 
an  interaction  point  to  the  right  (Figure  1).  Impact  on  the 
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D.  m 


Figure  1:  Identification  of  ion  impact  in  the  first  magnet 
of  the  dispersion  suppressor.  The  plot  starts  at  the 
collision  point  in  the  ALICE  detector. 


beam  pipe  occurs  inside  the  first  superconducting  dipole 
magnet  of  the  dispersion  suppressor  (MB.B10R2.Bi).  A 
similar  situation  prevails  for  ions  of  Beam  2  travelling  to 
the  left  and  at  every  interaction  point  where  ions  collide. 

Thus,  ECPP  creates  secondary  beams  of 
emerging  in  both  directions  from  each  collision  point  and 
hitting  the  beam  pipe  in  well-defined  locations  [8].  The 
beam-pipe  heating  may  be  strong  enough  to  quench 
superconducting  magnets.  The  distance  over  which  this 
secondary  beam’s  energy  is  diluted,  can  be  estimated  as 


/.= 


D'(s)b^ 


-«1.4m 


(8) 


Note  that  this  estimate  assumes  that  the  full  energy  is 
distributed  over  a  distance  corresponding  to  ±laof  the 
beam  distribution  in  the  horizontal  plane.  On  one  hand 
this  is  pessimistic  because  the  real  distribution  is 
somewhat  wider.  On  the  other,  the  energy  density  at  the 
peak  of  the  distribution  in  the  centre  will  be  higher  so  the 
present  estimate  seems  reasonable.  The  shower  length, 
also  of  the  order  of  1  m,  further  dilutes  the  energy. 
Adding  this  “in  quadrature”  leaves  us  with  «  1.7  m . 

Assuming  rather  complete  fragmentation  of  the  ions  in 
the  material,  the  quench  limit  for  Pb  ions  at  7  TeV,can  be 
inferred  from  that  of  protons  by  dividing  by  the  charge 


^^(pb)  =  Hill|P^  =  8xl0^  Pb/„^s  (9) 

Equating  this  to  the  flux  of  ions  from  the  ECPP 

process, 

/,(Pb)=^^  (10) 


Table  2:  Cross  sections  (bam)  for  collisions  of  protons. 
Argon  (for  comparison)  and  Lead  ions  at  LHC  energy. 


^EMD 

^ECPP 

p 

0.1 

0 

4x10-" 

0.1 

Ar 

3.1 

1.7 

.04 

4.8 

Pb 

8 

225 

281 

514 

shows 

that  the 

luminosity 

is  limited  to 

L  «  0.5  X  lO^^cm'^s'^ ,  a  factor  2  below  the  nominal  [4]. 

The  cross  section  increases  only  weakly  with  energy, 
c^cpp  ~  ^logYcoi  •  Possible  cures  (e.g.,  collimation) 
and  various  safety  factors  and  uncertainties  in  this 
calculation  will  be  clarified  by  more  detailed  study. 

Electromagnetic  Dissociation  (EMD) 

One  nucleus  can  make  a  transition  to  an  excited  state  that 
subsequently  decays  by  emitting  a  neutron: 

208  p^82+  _|_208  Y  Pb*^'^  +  (^°^  Pb*^*^  )  * 

i  (11) 

207  pb«.+n 

The  change  in  mass  number  is  a  decrease  in  magnetic 
rigidity  of  the  ion  equivalent  to  a  momentum  deviation 

5  = - L  = -4.8x10-’ for  Pb  (12) 

”  A-\ 

from  the  nominal  momentum.  Comparing  this  with  the 
momentum  acceptance 


|6,|  +  CT5  =  4.8x10-’ +0.8x10-’ 
<6;“  «6xl0-’ 


(13) 


These  off-momentum  ions  should  be  intercepted  by  the 
momentum  collimation  system.  A  small  fraction  of  them, 
which  have  large  enough  betatron  amplitude,  will  be  lost 
in  the  nearby  dispersion  suppressor.  Their  longitudinal 
loss  map  will  be  large,  thus  making  them  harmless. 


LUMINOSITY  AND  BEAM  LIFETIME 

The  total  cross-section  for  removal  of  an  ion  from  the 
beam  is  ~  +  ^^emd  +  ^ecpp  (s®®  values  in  Table  2). 

Nuclear  electromagnetic  processes  dominate  the  beam 
loss  rate.  Rather  than  discussing  the  non-exponential 
decay  during  a  fill,  we  limit  ourselves  here  to  quoting  the 
initial  beam  (intensity)  lifetime  due  to  beam-beam 
interactions  for  a  configuration  in  which  beams  collide  at 
interaction  points: 

(.4, 

exp  TOi  exp  y 

and  the  initial  luminosity  half-life  is  x,„,=(V2-i)t.. 


_  22.4  hour 
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But  the  luminosity  may  be  limited  by  the  experiments 
or  by  the  ECPP  quench  limit.  Given  that 


4nG*^  47cP*8„  ^ 


(15) 


the  decay  could  be  offset  by  varying  P*xJV^^as  the 

intensity  decays.  This  “P*-tuning”  [9]  would  be  very 
valuable  during  collision  to  maximise  integrated 
luminosity — especially  if  we  can  find  some  scope  for 
increasing  the  initial  value  of  ,  whose  value  is  limited 
by  injection  from  the  SPS  [2].  It  is  not  expected  to  be  a 
straightforward  operational  procedure  in  the  LHC  as  the 
beams  will  have  a  tendency  to  move  apart  by  distances 
comparable  with  the  beam  size  at  the  IP. 

A  higher  initial  value  of  p*  would  also  increase  the 
margin  for  the  ECPP  quench  limit  if  necessary  and  further 
increases  the  interest  in  p*-tuning. 

A  further  operational  complication  is  that  the  beam 
position  monitors  (BPMs)  in  the  LHC  require  a  minimum 
charge  per  bunch  in  order  to  function  properly.  Even  with 
recent  improvements,  this  corresponds  to  «  2x10’  for 

Pb  ions  in  the  arc  BPMs,  little  more  than  a  factor  of  3  less 
than  the  nominal  intensity,  implying  a  very  narrow  gap 
between  “commissioning”  and  “design”  values.  With  the 
full  complement  of  592  ion  bunches,  commissioning 
would  also  be  dangerously  near  the  ECPP  quench  limit. 

These  and  other  reasons  related  to  the  project  schedule, 
led  to  the  recent  proposal  [2]  of  an  additional  “Early” 
mode  of  operation  of  the  injector  chain,  leading  to  about 
10  times  fewer  bunches  in  the  LHC.  In  this  scheme, 
which  we  envisage  using  in  an  initial  period  of  ion 
running,  and  p  (and  hence  the  beam  lifetime)  could 
have  their  nominal  values  but  the  ECPP  quench  limit 
would  be  far  away,  the  bunches  would  be  visible  on  the 
BPMs,  the  injector  scheme  would  be  simplified  and  some 
interesting  heavy  ion  physics  would  be  accessible  with 
the  reduced  luminosity.  If  necessary,  the  initial  value  of 


P*  could  be  raised  to  increase  the  beam  lifetime. 

Although  the  present  estimate  of  ECPP  gives  serious 
cause  for  concern,  we  would  like  to  emphasise  that  the 
uncertainties  and  safety  margins  still  in  hand  do  not  allow 
the  design  luminosity  of  L « lO^’cm'^s’^  to  be 
definitively  excluded. 

The  initial  performance  parameters  in  various 
operational  scenarios  are  summarised  in  Table  3. 

The  relative  importance  of  the  various  physical  effects 
limiting  performance  can  be  quite  different  with  ions 
other  than  lead. 

Other  issues  remaining  to  be  studied  for  ions  include 
the  optimum  crossing-angles,  collimation  and  a  review  of 
the  beam  instrumentation. 

Finally  we  mention  that  a  full  design  report  for  the 
“Ions  for  LHC”  project  is  due  in  the  coming  months. 
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Table  3:  Initial  performance  in  various  running  scenarios. 


Nominal 

Intensity 

quench- 

frmited 

Quench- 

Hmited, 

B*-tunin2 

Early 

scheme 

Units 

Number  of  bunches 

h 

592 

~60 

Bunch  spacing  (typical) 

SJc 

99.8 

1350 

ns 

Twiss  function  at  IP  (jc  =  y) 

P* 

0.5 

1.0 

0.5 

m 

Number  of  Pb  ions/bunch 

7x10' 

5x10’ 

lx 

10’ 

Beam  size  at  IP 

o* 

16 

22.5 

16 

pm 

Luminosity  half-life  for  =  2,3 

4.6/ 3.1 

9.2/6.2 

4.6/ 3.1 

hour 

IBS  growth  time 

'^IBS 

15 

21 

1 

5 

hour 

Initial  luminosity 

L 

1.0 

0.5 

0.5 

0.1 

10”  cm-’s-' 
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Abstract 

Since  the  RHIC  Au-Au  run  in  the  year  2001  the  200 
MHz  cavity  system  was  used  at  storage  and  a  28  MHz 
system  during  injection  and  acceleration.  The  rebucket¬ 
ing  procedure  causes  significant  debunching  of  heavy  ion 
beams  in  addition  to  amplifying  debunching  due  to  other 
mechanisms.  At  the  end  of  a  four  hour  store,  debunched 
beam  can  account  for  more  than  30%  of  the  total  beam  in¬ 
tensity.  In  order  to  minimize  the  risk  of  magnet  quench¬ 
ing  due  to  uncontrolled  beam  losses  at  the  time  of  a  beam 
dump,  a  combination  of  a  fast  transverse  kicker  and  copper 
collimators  were  used  to  clean  the  abort  gap.  This  report 
gives  an  overview  of  the  upgraded  gap  cleaning  procedure 
and  the  achieved  performance.  The  upgraded  procedure  in 
conjunction  with  a  new  application  allows  to  measure  prop¬ 
erties  of  the  debunched  beam  routinely. 

INTRODUCTION 

While  a  28  MHz  cavity  is  used  for  injection  and  accel¬ 
eration  in  RHIC,thus  defining  the  total  number  of  buckets 
in  RHIC  to  be  360,  a  200  MHz  storage  system  for  Au- 
particles  is  in  use  since  the  2001  run.  Beam  debunching 
of  heavy  ions  is  due  to  a  combination  of  RF  failure,  re¬ 
bucketing  and  IBS  [1]  and  can  account  for  as  much  as  50% 
of  the  total  beam.  In  addition,  any  species  beam  can  de¬ 
bunch  due  to  RF  cavity  failures.  The  two  rings,  blue  and 
yellow  respectively,  and  the  six  interaction  regions  (IR)  of 
RHIC  with  the  four  experiments  are  sketched  in  figure  1. 
The  abort  gap  is  needed  to  make  sure  that  the  circulating 


12  o’clock 


Figure  1 :  Location  of  the  kicker  and  collimators  in  the  RHIC 
rings. 

*  Woilc  performed  under  Contract  Number  DE-AC02-98CH 10886  with 
the  auspices  of  the  US  Department  of  Energy, 
f  drees@bnl.gov 


beam  is  cleanly  removed  by  the  abort  system  [2].  Any  sig¬ 
nificant  beam  in  this  abort  gap  will  not  be  dumped  properly 
and  can  therefore  cause  magnet  quenches  and  background 
peaks  for  the  experiments. 

HARDWARE 

To  attack  these  problems,  the  existing  hardware  of  the 
transverse  collimators  [3]  and  the  transverse  kickers  used 
for  the  tune  measurement  system  [4]  are  combined.  Any 
beam  in  the  abort  gap  is  excited  transversely  by  the  kickers 
while  the  collimators  are  positioned  such  that  they  are  the 
limiting  aperture  in  the  rings.  Figure  1  shows  their  location 
in  the  RHIC  ring. 

Each  ring  has  one  kicker  module  with  four  stainless  steel 
striplines,  each  of  which  can  be  powered  independently. 
The  pulse  voltage  cannot  be  changed.  For  this  application, 
the  kickers  are  setup  to  excite  beam  within  the  abort  gap, 
buckets  331-360.  By  selecting  a  kick  frequency  close  to 
the  horizontal  and  vertical  betatron  frequency  the  beam  is 
kicked  resonantly  enhancing  the  effect  on  the  beam  signif¬ 
icantly  if  compared  with  a  single  or  non-resonant  kicks. 
Finding  the  resonant  frequency  is  crucial  for  the  gap  clean¬ 
ing  application  and  a  set  point  equal  to  or  very  close  to 
the  betatron  frequency  was  shown  to  kick  bunched  beam  at 
storage  out  of  the  ring  after  a  few  dozens  of  turns.  Typi¬ 
cally  300  turns  per  trigger  were  used.  The  horizontal  kicks 
are  about  5  times  more  efficient  than  the  vertical  ones  due 
to  the  different  ^-functions. 

The  RHIC  collimators  [3]  consist  of  45  cm  long  L- 
shaped  copper  scrapers  placed  downstream  of  the  PHENIX 
detector  in  each  ring  allowing  a  positioning  resolution  of 
0.5  fj>m  horizontally  and  vertically.  Four  dedicated  PIN 
diode  loss  monitors  and  four  ion  chamber  beam  loss  mon¬ 
itors  downstream  of  each  scraper  monitor  beam  losses 
caused  by  the  collimator. 

THE  APPLICATION 

The  new  cleaning  application  supports  the  two  steps  of 
the  abort  gap  cleaning  procedure: 

(1)  excite  the  debunched  beam  transversely  and 

(2)  collimate  the  excited  beam  with  the  scrapers. 

(1)  In  order  to  excite  the  debunched  beam,  the  tune  me¬ 
ter  kickers  are  triggered  such  that  in  place  of  an  occupied 
bucket  beam  in  the  abort  gap  is  excited.  The  kicker  is 
pulsed  for  300  tums/trigger  with  a  trigger  repetition  rate 
of  1  or  0.25  Hz.  To  enhance  the  cleaning  efficiency,  the 
frequency  has  to  be  as  close  as  possible  to  the  betatron  tune 
of  the  debunched  beam.  The  new  Gap  Cleaning  applica¬ 
tion  allows  a  tune  scan  in  the  range  of  suspect,  0.2  to  0.25, 
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Figure  2:  The  application  panel  to  start  a  tune  scan  and  to  find 
the  best  resonant  tunes  for  cleaning. 


where  the  losses  at  the  collimator  are  recorded  as  a  function 
of  the  kicking  frequency  in  terms  of  betatron  tune.  Only  the 
horizontal  tune  is  scanned.  An  example  is  given  in  Fig.  2. 
To  monitor  the  losses  we  use  two  independent  loss  mon¬ 
itor  systems,  PIN  diodes  and  ion  chambers.  Once  a  res¬ 
onant  frequency  is  found,  the  application  loads  it  into  the 
gap  cleaning  procedure.  The  gap  cleaning  panel  (Fig.  3) 


Figure  3:  The  application  panel  to  setup  the  gap  cleaning  pro¬ 
cess. 

allows  three  modes:  (i)  constant  excitation  tune  and  con¬ 
stant  bucket,  (ii)  constant  excitation  tune  but  trigger  timing 
is  changed  to  step  thru  all  gap  buckets  and  (iii)  constant 
bucket  but  excitation  tune  is  varied  in  a  variable  range  with 
a  variable  step  size. 

(2)  At  the  beginning  of  the  procedure,  the  scrapers  are 
moved  to  a  predefined  position  using  the  collimator  control 
panel  of  the  application  (Fig.  4).  For  fine  adjustments,  a 
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Figure  4:  Collimator  control  panel  of  the  gap  cleaning  applica¬ 
tion. 


“wanted”  rate  from  the  PIN  diodes,  sensitive  to  scattered 
particles  from  the  scraper  jaw,  are  used  to  determine  the 
’good’  location  for  gap  cleaning.  To  keep  high  cleaning 
efficiency,  the  scraper  position  typically  has  to  be  adjusted 
a  few  times  during  the  procedure  which  lasts  approximately 
30  minutes. 

Regardless  of  the  panel  one  is  working  with  the  appli¬ 
cation  includes  a  set  of  convenience  graphs  as  shown  in 
Fig.  5.  PIN  diodes  (top,  left)  and  loss  monitors  (top,  right) 
are  both  located  downstream  of  the  collimator.  Also  shown 
is  the  amount  of  debunched  current  in  the  blue  or  yellow 


Figure  5:  The  convenience  graphs  as  shown  in  the  gap  cleaning 
application  during  a  cleaning  procedure  on  Feb.  12,  03. 


ring  in  units  of  10^  ions.  Note  that  the  tune  spectrum  (bot¬ 
tom,  right)  is  obtained  from  debunched  beam  during  the 
process.  Experimental  background  rates  allow  monitor¬ 
ing  of  background  increases  due  to  the  cleaning  procedure 
while  it  is  in  progress.  While  PHOBOS  is  unaffected  and 
PHENIX  is  mildly  affected,  STAR  and  BRAHMS  see  an 
increase  of  about  50%  during  parts  of  the  cleaning. 

THE  DATA 

Table  1  summarizes  the  magnet  quench  during  the  Au 
run  in  January  and  February  of  2003.  Note  that,  without 
RF  failures,  there  is  typically  no  debunching  of  the  blue 


Table  1:  RHIC  magnet  quenches  between  Jan  01  and  Feb,  28 
03,  caused  by  either  beam  dump  or  aborts  involving  significant 
debunched  beam  Ueb- 


fiU 

Ring 

Blue 

deb. 

Yellow 

cause 

[10^^  d] 

[10^  ions] 

2640 

Y 

- 

2 

abort  kicker 

2736 

Y 

- 

2 

beam  losses 

2766 

Y 

- 

2 

beam  losses 

2769 

B/Y 

9 

12 

permit 

2780 

Y 

2 

6.1 

permit 

2803 

Y 

- 

6.6 

normal  dump 

2840 

Y 

- 

42 

permit 

2852 

Y 

- 

3 

abort  kicker 

2859 

B 

14.5 

1 

permit 

2884 

Y 

- 

9.5 

permit  (cryo) 

2911 

B 

0.5 

3 

abort  kicker 

2930 

Y 

- 

3.6 

abort  kicker 

2945 

Y 

- 

3.5 

abort  kicker 

2955 

B/Y 

0 

8 

abort  kicker 

2982 

Y 

- 

5.5 

permit 

3006 

B 

3.5 

4.3 

permit 

3011 

Y 

- 

3.5 

beam  losses 

3061 

Y 

- 

20 

permit 

beam  since  it  corresponds  to  deuterons.  Accordingly  there 
are  much  less  blue  quenches  recorded.  There  are  mainly 
three  conditions  under  which  debunched  beam  can  lead  to 


1686 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


magnet  quenches:  (i)  abort  kicker  prefires,  (ii)  normal 
dumps  and  (iii)  permit  pulls  for  any  reason  related  or  un¬ 
related  to  the  debunched  beam.  Note  that  abort  kicker  pre¬ 
fires  will,  if  out  of  time,  lead  to  quenches  without  any  de¬ 
bunched  beam  present.  In  addition  to  this,  high  bunched 
beam  losses  will  cause  magnet  quenches  regardless  of  the 
amount  of  debunched  beam  in  the  machine. 

With  one  exception  (2955)  all  abort  kicker  prefires  hap¬ 
pened  at  times  when  the  amount  of  debunched  beam  alone 
would  not  have  caused  a  quench.  However,  the  abort 
kicker  not  only  prefired  but  also  missed  the  gap,  thus  caus¬ 
ing  an  enormous  amount  of  beam  losses  in  certain  areas. 
In  fills  2736,  2766  and  3011,  the  cause  of  the  magnet 
quenches  is  most  likely  the  bunched  beam  loss  itself  since 
Ideb  <  3.5  10®  Au  ions  in  all  three  cases.  There  are 
10  candidates  left  during  a  period  of  2  months  were  the 
presence  of  debunched  beam  is  most  likely  responsible  for 
the  quench.  This  corresponds  to  30%  of  all  recorded  real 
magnet  quenches  in  the  two  months  and  to  about  10%  of 
all  stores  during  that  period.  One  fill,  2803,  ended  with 
a  quench  because  of  a  regularly  initiated  dump,  ignoring 
the  amount  of  debunched  beam.  In  fill  3006  the  blue  mag¬ 
net  quench  happened  due  to  a  gap  cleaning  procedure  fail¬ 
ure.  The  remaining  8  fills  ended  with  a  magnet  quench  be¬ 
cause  the  permit  tripped  prematurely  before  the  debunched 
beam  could  be  removed.  Ideb  >  5.5  10®  Au  ions  in  all 
these  fills.  It  should  be  discussed  if  loss  monitor  trip  lev¬ 
els  could  be  either  disabled  or  increased  significantly  if 
ideb  >  5.0  10®  Au  ions.  However,  there  were  fills  (for 
instance  2801)  which  ended  without  a  magnet  quench  al¬ 
though  they  had  a  little  more  debunched  Au  beam  than  this 
limit.  For  deuteron  beam  the  statistic  is  very  small  since 
deuteron  beams  mainly  debunch  due  to  RF  failures.  There 
is  no  quench  case  recorded  with  Ideb  <  9  10^^  d  but  at  least 
one  case  (fill  2801)  where  Ideb  =  8  10^^  d  without  causing 
a  quench.  Therefore,  the  sustainable  limit  for  debunched 
deuteron  beam  seems  to  be  higher,  around  Ideb  —  8  10^^ 
d. 

Figure  6,  bottom,  shows  the  RHIC  yellow  beam  currents 
at  the  end  of  store  2887.  The  difference  between  the  total 
beam,  measured  by  the  DCCT  [5]  and  the  bunched  beam 
current,measured  by  the  WCM  [6],  corresponds  to  the  de¬ 
bunched  beam.  It  amounts  to  17.5  10®  Au  ions  or  63% 
when  the  cleaning  procedure  is  started  around  17:20.  The 
procedure  is  stopped  after  about  35  minutes.  Every  tune 
measurement  (top  of  fig.  6)  indicates  a  trigger  event  for  the 
beam  excitation  in  the  abort  gap.  Note  that  during  the  be¬ 
ginning  of  the  procedure,  tunes  can  actually  be  measured 
by  coherent  oscillations  of  the  debunched  beam.  Tunes  are 
in  the  order  of  0.23  during  this  example.  The  cleaning  rate 
here  is  a  record  of  0.4410®  ions/minute.  After  pausing  for 
about  one  hour  gap  cleaning  is  resumed  and  the  beam  is 
dumped  without  problems  around  19:00.  In  general,  clean¬ 
ing  rates  in  2003  were  around  0.22  10®  for  Au  ions  and 
around  0.15  10^^  for  d.  The  rates  vary  from  fill  to  fill  and 
depend  strongly  on  the  cleaning  efficiency.  However,  the 
average  for  heavy  ions  could  be  increased  by  a  factor  of 


Figure  6:  Top:  Tune  measurements  as  a  function  of  time  during 
the  end  of  store  2887,  Feh.  03  03.  Bottom:  Bunched  and  total 
yellow  beam  current  as  a  function  of  time  during  the  same  store. 


about  1.8  compared  to  the  last  Au-Au  run  [7]. 

CONCLUSION 

With  the  new  gap  cleaning  application  the  efficiency  of 
the  procedure  could  be  almost  doubled  compared  to  last 
year  and  is  found  to  be  0.22  10®  Au  ions/minute  and  0.15 
10^^  d/minute  on  average.  Still,  a  total  of  10  fills,  i.e.  about 
10%  of  ail  stores  in  the  examined  period  of  dAu  running, 
ended  by  a  magnet  quench  due  to  debunched  beam.  This 
number  corresponds  to  30%  of  all  recorded  real  magnet 
quenches.  However,  7  of  them  were  caused  by  prema¬ 
ture  loss  monitor  permit  trips  and  disabling  or  increasing 
the  loss  monitor  trip  level  could  help  avoiding  these  cases. 
The  sustainable  limit  for  debunched  Au  beam  could  be  con¬ 
firmed  to  be  5.0  10®  and  a  preliminary  limit  for  deuterons 
was  found  to  be  8  10^^. 
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For  two  beams  with  Gaussian  distribution  in  both,  horizom 
:an  or  Van  der  Meer  Scan  technique,  tal  and  vertical  directions,  the  luminosity  is  given  by  [3]: 

^ept  stepwise  across  the  other  while  ki,frev  ^1^2 


Abstract 

Using  the  Vernier  Scan  or  Van  der  Meer  Scan  technique, 
where  one  beam  is  swept  stepwise  across  the  other  while 
measuring  the  collision  rate  as  a  function  of  beam  displace¬ 
ment,  the  transverse  beam  profiles,  the  luminosity  and  the 
cross  section  can  be  measured.  Data  and  results  from  the 
polarized  proton  run  in  the  year  2001/02  are  presented. 

INTRODUCTION 

The  cross  section  observed  by  the  experimental  trigger 
counters  is  one  of  the  necessary  ingredients  to  absolutely 
normalize  experimental  data  in  heavy  ion  and  proton  col¬ 
lisions  such  as  data  on  tt®  production.  During  the  Au-Au 
runs  ZDCs  [1]  are  used  for  minimum  bias  triggering  be¬ 
cause  of  their  large  cross  section.  The  ZDCs  are  common 
to  all  experiments  .  During  pp  runSi  however,  those  detec¬ 
tors  are  not  suitable  for  triggering  because  of  their  small 
cross  section  when  protons  collide.  Instead,  experiments 
use  individual  beam  beam  counters  (BBC),  which  are  of 
different  type,  shape,  location  and  acceptance.  In  general,  a 
BBC  consists  of  two  identical  parts  at  a  certain  distance  on 
either  side  of  the  vertex  location  at  an  Interaction  Point  (IP). 
Collision  rates  are  typically  measured  by  a  coincidence  of 
particle  detection  on  both  sides.  In  order  to  determine  the 
cross  section  observed  by  those  detectors.  Vernier  Scans 
at  the  individual  IPs  were  performed  collecting  data  from 
the  local  BBCs.  In  this  report,  we  describe  the  method  of 
Vernier  Scans  to  measure  the  absolute  cross  section  of  pp 
collisions  at  y/s^  =  200  GeV  at  the  STAR  and  PHENIX 
experiment  at  the  Relativistic  Heavy  Ion  Collider  (RHIC). 

VERNIER  SCANS 

The  Vernier  Scan  technique  was  invented  by  S.  van  der 
Meer  in  1968[2]  who  showed  that  it  is  possible  to  mea¬ 
sure  the  effective  height  he  of  the  colliding  ISR  beams  by 
observing  the  counting  rate  in  a  suitable  monitor  sys¬ 
tem  while  sweeping  the  two  beams  vertically  through  each 
other.  A  Gauss-shaped  curve  results  with  its  maximum  at 
zero  displacement.  The  interaction  rate  observed  by  a  BBC 
detector,  Rbbc^  is  defined  as  the  total  number  of  beam 
particles  {Nuu  and  Nyei)  going  through  each  other  in  some 
area  A  with  cross  section  aBBC'^ 

D _ _  ^t^luNtyel  _  ^ 

Rbbc  — - - cr  —  Ccbbc  (1) 
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with  i=l,2  for  blue  and  yellow  beams  respectively  and  Ni 
the  number  of  particles  per  bunch  assuming  all  bunches  in 
one  beam  are  of  the  same  intensity.  Bunch-to-bunch  varia¬ 
tions  will  be  discussed  below.  In  the  case  of  non-centered 
beams,  consider  the  case  of  one  beam  displaced  by  d,  the 
luminosity  C{d)  as  a  function  of  d  is: 

C{d)  =  exp  -h  0^2)] 

The  terms  where  i  =  x,y,  in  Eq.3  and  Eq.2 

correspond  to  the  beam  profile  derived  from  the  width  of 
the  distribution  measured  by  the  Vernier  Scan.  The  result 
for  the  horizontal  plane  is; 


Vernier  Scans  measure  the  effective  beam  profile  over  the 
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Figure  1 :  Vernier  Scan  in  STAR  in  the  horizontal  plane. 

whole  longitudinal  interaction  area  between  the  two  halfs 
of  a  BBC,  i.e.  approximately  -b/-  0.75  m  (PHENIX)  and  +/- 
3.5  m  (STAR),  instead  of  measuring  the  beam  transverse 
size  at  the  center  of  the  IP  only.  However,  the  collision  rates 
we  get  from  those  detectors  do  correspond  to  the  number 
of  events  originating  from  the  entire  effective  beam  area  as 
well.  Therefore,  applying  a  Gauss-fit+constant  to  the  nor¬ 
malized  collision  rate  =  Rbbc /^hiuNtyei  as  a  function 
of  beam  displacement  yields  the  effective  beam  size  as  well 
as  the  maximum  achievable  normalized  rate  Rmax*  the  op¬ 
timal  position  and  the  background.  Fig.  1  shows  an  exam¬ 
ple  of  a  typical  data  set  and  the  applied  Gauss  fit.  From  this 
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the  cross  section  asBC  can  be  derived: 


BPM  measurement  RMS  (PEHNIX) 


^BBC  —  27r  Rmax  ^Vx  ^Vy  frev  (5) 

where  frev  is  the  revolution  frequency  and  kt  the  number 
of  bunches  per  ring. 

DATA  ANALYSIS 

Table  1  lists  the  available  vernier  scans  from  the  pp  Jy02 
run  at  the  STAR  and  PHENIX  IRs  respectively.  The  data 

Table  1:  List  of  vernier  scans  performed  at  STAR  and  PHENIX 
during  the  year  2002  RHIC  pp  run.  All  scans  were  done  at  a  /3* 
of  3m. 
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needs  to  be  corrected  for  several  effects:  for  the  beam  dis¬ 
placement  in  the  other  plane  during  a  scan,  for  the  actual 
bunch  pairing  at  the  given  IR  taking  into  account  the  bunch- 
to-bunch  intensity  variation  and  for  the  crossing  angle  be¬ 
tween  the  two  colliding  beams  (if  any).  The  precision  of 
the  measured  beam  displacement  and  the  bunched  beam 
current  add  to  the  systematic  errors. 

Beam  Position  Measurements 

When  a  vernier  scan  is  performed,  the  beam  displace¬ 
ments  are  not  necessarily  minimized.  Thus  the  maximum 
achievable  rate  could  be  reduced  by  a  certain  amount  de¬ 
pending  on  the  offset  from  the  optimal  position  in  the  other 
plane.  In  addition,  beam  position  changes  in  one  plane 
are  induced  by  doing  a  scan  in  the  other  due  to  coupling. 
Therefore  the  beam  position  is  recorded  in  both  planes 
while  doing  a  scan  in  one.  The  measured  collision  rates 
are  then  corrected  for  the  deviation  from  the  optimal  po¬ 
sition.  Accurate  beam  position  measurements  (here  from 
the  BPMs  at  the  DX  magnets)  are  hence  crucial  to  the  pro¬ 
cedure.  Fig.  2  shows  the  RMS  of  the  typically  14  beam 
position  measurements  per  data  point,  corresponding  to  60 
sec  of  data  taking  per  position.  The  average  RMS  is  of  the 
order  of  5  pm  but  about  a  factor  of  2  higher  in  the  horizon¬ 
tal  plane.  The  BPM  scatter  is  taken  into  account  by  adding 
a  3%  point-to-point  systematic  error.  The  uncertainty  in  the 
absolute  scale  of  the  BPM  measurement  [6]  is  considered 
by  adding  an  absolute  systematic  error  of  2%. 
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Figure  2:  RMS  of  beam  position  measurements  from  two  vernier 
scans  in  PHENIX,  2136  and  2161  Each  value  corresponds  to  the 
RMS  of  14  measurements  which  are  included  in  one  data  point 
for  the  scans. 

of  the  data  taking.  The  bunched  current  is  measured  by 
the  Wall  Current  Monitor  (WCM)  [4].  The  WCM  readings 
are  calibrated  with  the  DCCT  [5]  measurements  at  the  end 
of  the  ramp  when  only  bunched  current  can  be  present.  A 
systematic  point-to-point  error  of  1-2%  is  assigned  to  the 
uncertainty  of  the  WCM  measurements  after  this  calibra¬ 
tion.  Since  bunch-to-bunch  intensities  vary  and  the  collid¬ 
ing  bunch  pairs  depend  on  the  IR,  the  Rmax  value  from  the 
Gauss-fit  has  to  be  corrected  for  the  actual  measured  in¬ 
tensity  of  colliding  pairs.  Fig.  3  shows  the  colliding  blue- 
yellow  pairs  for  the  PHENIX  vernier  scans.  Taking  the  fill 


Figure  3:  Bunch  intensity  for  blue  and  yellow  beams  as  a  func¬ 
tion  of  bunch  number  during  the  PHENIX  vernier  scans.  Note  that 
blue  bunches  are  shifted  by  +41  corresponding  to  actual  pairing 
in  PHENIX.  The  abort  gap  does  not  line  up  in  PHENIX. 


Fill  Pattern 

The  collision  rates  during  a  scan  is  normalized  by  the  to¬ 
tal  bunched  beam  current  in  the  ring  during  the  60  seconds 


pattern  into  account,  the  product  of  the  total  beam  currents 
needs  to  be  corrected  by  factors  from  0.9  to  0.97,  depend¬ 
ing  on  IR  and  fill. 
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Crossing  Angle 

In  case  a  crossing  angle  between  the  colliding  beams  in 
the  horizontal  plane  is  present  the  achievable  luminosity 
has  to  be  corrected  by  a  factor  R  [7]: 

R  =  ^1  +  {^tan<f>)^  (6) 

(vertical  plane  accordingly).  For  an  average  beam  size  of 
cr*  =  360  /xm  and  a  typical  bunch  length  of  about  Im,  R 
amounts  to  1%  for  an  angle  of  =  0.1  mrad  and  4%  for 
(l>  =  0.2  mrad.  From  the  BPM  measurements  we  derived 
the  crossing  angles  for  the  vernier  scan  fills  (only  PHENIX 
so  far).  Fig.  4  shows  the  extrapolated  beam  trajectory  be¬ 
tween  the  DX  BPMS  at  +/-  8m.  Since  the  data  is  taken 


PHENIX  crossing  angle  fill  2277 
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Figure  4:  Beam  trajectories  at  IRS  in  HU  2211  in  the  horizontal 
plane  (top)  and  vertical  plane  (bottom).  The  angle  between  the 
two  lines  corresponds  to  the  crossing  angle  <j>. 

after  a  vernier  scan  no  transverse  offset  between  the  beam 
is  present.  However,  due  to  digital  offsets  in  the  electron¬ 
ics  the  BPM  readings  for  the  two  beam  were  not  identi¬ 
cal  although  the  DX  BPM  are  recording  positions  for  both 
beams.  The  two  trajectories  were  vertically  shifted  by  a  few 
100  pm  so  they  would  cross  at  0.  The  angle  between  the 
trajectories  reached  0. 1  mrad  in  one  case  and  was  signifi¬ 
cantly  smaller  in  all  other.  By  applying  the  same  shift  on 
one  side  only  one  would  create  a  larger  angle  (j>.  This  value 
was  found  to  be  0.1  mrad  on  average  and  used  to  determine 
a  systematic  point-to-point  error  of  1%. 

SUMMARY 

The  cross  sections  and  point-to-point  errors  are  listed  in 
tab.  2.  A  common  absolute  error  for  the  uncertainty  of  the 
BPM  scale  of  2%  and  for  the  beam  blow  up  due  to  the  scan 
itself  of  1%  has  to  be  added  to  the  statistical  and  system¬ 
atic  errors.  A  weighted  fit  of  the  available  measurements 
is  shown  in  fig.  5.  Thus  the  final  value  for  the  BBC  cross 
section  is  found  for 

STAR:  obbc  =  21.6  ±  0.2  ±  1.0  i  0.8  mbam  and  for 


Table  2:  Cross  sections  (Xsec)  and  statistical  and  systematic  er¬ 
rors  obtained  from  the  individual  vernier  scans.  All  values  are 
given  in  units  of  mbam. 
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Figure  5:  Final  cross  sections  of  the  STAR  and  PHENIX  beam 
beam  counters  (BBC).  Error  bars  include  statistical  and  point-to- 
point  systematic  errors. 


PHENIX:  a  BBC  =  12.7  ib  0.1  d=  0.3  ±  0.4  mbam. 

Note  that  the  PHENIX  value  is  arbitrarily  normalized  to 
a  vertex  distribution  a^tx  of  80  cm  and  the  third  scan  (2277) 
was  scaled  by  the  ratio  |^.  In  order  to  normalize  the 
cross  section  to  the  entire  interaction  region,  data  from  the 
PHENIX  experiment  is  necessary,  which  was  outside  of  the 
scope  of  this  report.  Since  the  STAR  BBC  covers  the  full 
interaction  region,  no  further  correction  is  necessary. 

It  could  be  shown  that  the  Vernier  Scan  method  is  a 
powerful  tool  not  only  to  determine  the  absolute  instanta¬ 
neous  luminosity  but  also  to  provide  the  experiments  with  a 
valuable  and  independent  measurement  of  the  cross  section 
seen  by  their  BBC. 
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Abstract 

In  this  paper,  we  discuss  new  results  from  the  use  of  the 
crystal  collimator  from  the  2003  run.  The  yellow  ring  of  the 
Relativistic  Heavy  Ion  Collider  (RHIC)  has  a  bent  crystal 
collimator.  By  properly  aligning  the  crystal  to  the  beam 
halo,  particles  entering  the  crystal  are  deflected  away  from 
the  beam  and  intercepted  downstream  in  a  copper  scraper. 
The  purpose  of  a  bent  crystal  is  to  improve  the  collimation 
efficiency  as  compared  to  a  scraper  alone.  We  compare 
these  results  to  previous  data,  simulation,  and  theoretical 
predictions. 

1  INTRODUCTION 

A  typical  collimation  system  for  a  collider  consists  of 
moveable  jaws  that  are  positioned  to  be  the  primary  ma¬ 
chine  aperture.  Particles  with  low  impact  parameters  have 
a  finite  probability  of  scattering  out  of  the  collimator  jaw 
and  forming  a  secondary  halo  [1].  This  secondary  halo 
can  have  a  significant  effect  on  machine  performance  [2]. 
Secondary  jaws  are  used  to  contain  the  scattered  particles 
and  proper  placement  of  these  jaws  is  necessary  for  optimal 
performance. 

Finding  novel  ways  to  collimate  the  halo  can  greatly  sim¬ 
plify  collimator  design.  By  using  bent  crystal  channeling, 
a  properly  aligned  crystal  will  channel  the  entering  parti¬ 
cles  away  from  the  beam  and  produce  very  little  halo  from 
scattering.  A  secondary  jaw  intercepts  the  channeled  parti¬ 
cles  with  large  impact  parameters.  This  secondary  jaw  can 
be  placed  further  away  from  the  beam  in  comparision  to 
a  traditional  system.  This  paper  discusses  our  experiences 
with  a  bent  crystal  collimator  in  the  yellow  ring  of  the  Rel¬ 
ativistic  Heavy  Ion  Collider  (RHIC)  during  the  year  2003 
run. 


where  the  maximum  interplanar  potential  is  given  by 
U{xc),  where  Xc  is  the  transverse  location  where  the  in¬ 
cident  ion  enters  the  electron  cloud  of  the  lattice  atoms;  the 
momentum  and  velocity  of  the  ion  are  p  and  v  respectively. 
U{xc)  is  approximately  Zion‘^6  eV  for  silicon.  For  RHIC 
energies,  Oc  =  37  /zrad  at  injection  and  11  /irad  at  storage 
energy.  At  incident  angles  greater  than  Oc  the  ion  will  no 
longer  be  channeled  but  scatters  through  the  crystal  as  if  it 
were  an  amorphous  solid. 

3  LAYOUT 

The  RHIC  crystal  collimation  system  is  shown  in  Fig.  1. 
It  consists  of  a  5  mm  long  crystal  and  a  450  mm  long  L- 
shaped  copper  scraper  placed  downstream  of  the  PHENIX 
detector  in  the  yellow  (counter-clockwise)  ring.  The  crystal 
is  an  O-shaped  silicon  crystal  with  the  (110)  planes  placed 
at  a  slight  angle  with  respect  to  the  normal  of  the  input  face, 
and  a  bend  angle  Ob  =  0.34  mrad.  This  crystal  is  differ¬ 
ent  from  the  one  used  during  the  2001-2  RHIC  run,  but  is 
of  the  same  design.  There  are  eight  PIN  diode  loss  moni¬ 
tors  between  the  crystal  and  the  scraper  (the  upstream  PIN 
diodes),  and  four  PIN  diodes  downstream  of  the  scraper 
(the  downstream  PIN  diodes)  to  look  for  scattered  parti¬ 
cles  from  the  crystal  and  scraper  respectively.  In  addition, 
two  scintillators  forming  a  hodoscope  aligned  to  the  crystal 
surface  look  at  particle  scattered  at  large  angles.  Four  ion 
chamber  beam  loss  monitors  are  located  downstream  of  the 
scraper  as  well  [4]. 


2  CRYSTAL  CHANNELING  Figure  l:  The  RHIC  Crystal  Collimation  system 


Crystal  channeling  is  a  phenomena  by  which  ions  enter¬ 
ing  a  properly  aligned  crystal  will  follow  the  crystal  planes, 
even  if  the  crystal  is  mechanically  bent  [3].  This  makes  it 
possible  to  give  a  large  angular  kick  to  the  channeled  ions 
in  a  short  distance .  For  proper  alignment,  the  incident  par¬ 
ticles  must  be  aligned  to  the  crystal  planes  with  an  angle 
less  than  the  critical  angle, 


4  THEORY 


As  previously  reported  in  Ref.  [4],  the  channeling  effi¬ 
ciency  of  the  crystal  is  about  one  half  of  the  initial  expecta¬ 
tion  [5].  In  response,  we  developed  a  simple  model  of  the 
first  turn  particle  distribution  on  the  crystal.  We  assume  an 
initial  distribution  of 


f{J,5)  = 


exp  --  (2) 


‘Workperformedunderthe auspices oftheU.S. Department ofEneigy  where  J  is  the  particle  action,  €  is  the  unnormalized  ITTIS 
t  rfliiier@bnl.gov  emittance,  S  is  the  momentum  deviation,  erf  is  the  rms  mo- 
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mentum  deviation.  This  distribution  is  then  transformed 
into  positions  and  angles,  (x,x^)  by  integrating  overall  mo¬ 
menta  to  obtain  the  phase  space  distribution  of  all  particles 
at  the  crystal.  Calculating  the  average  angle  of  all  of  the 
particles  that  will  hit  the  crystal  surface,  and  assuming  that 
the  particles  have  low  impact  parmeters  with  respect  to  the 
rms  beam  size,  or  the  crystal  is  far  from  the  beam  core  one 
derives 


O _  -ae  +  DD'c7s^ 


(3) 


The  crystal  edge  is  at  Xcrystai  from  the  center  of  the  beam, 
the  dispersion  and  its  slope  are  given  by  D  and  D',  and  a 
and  P  are  the  Twiss  parameters  at  the  crystal.  For  RHIC, 
the  crystal  is  at  a  high  p,  low  dispersion  region  and  Eq.  3 
reduces  to 

9  ^  ^crystal~^  (4) 


The  expression  for  the  angular  spread  of  the  beam  that  hits 
the  crystal  face,  ae,  is  quite  lengthy,  but  it  is  sufficient  to 
say  that  ere  is  strongly  proportional  to  a,  P,  Das,  and  the 
rms  impact  parameter,  and  is  weakly  affected  by  e,  and 
^crystal  [6]-  For  this  RHIC  run,  ae  —  23/irad,  assuming 
that  particles  hit  over  the  entire  face  of  the  crystal. 

Knowing  the  angular  spread  of  the  particles  hitting  the 
crystal,  one  can  estimate  the  channeling  efficiency  of  a  per¬ 
fectly  aligned  crystal  using  Eq.!2.12  from  Ref.  [7],  and  ne¬ 
glecting  the  small  (4%)  effect  of  the  bending  of  the  crystal 


2Xc  TT  Oc 

dp  4  ae’ 


(5) 


where  dp  is  the  distance  between  the  crystal  planes.  This 
formula  is  only  valid  as  long  as  ae  >  Oc.  For  this  RHIC 
run  e  =  32%,  and  averaging  over  the  data  for  this  run  gives 
an  efficiency  of  <  e  >=  26%. 


5  SIMULATION  OF  2001  RUN 

It  was  found  during  the  2001  RHIC  run  that  the  beta 
function  at  the  crystal  did  not  agree  with  the  model  [8]. 
Measurements  with  the  crystal  collimator  further  showed 
that  -a/ P  did  not  agree  with  the  model  and  the  channeling 
dip  was  wider  than  expected  [4].  In  fact,  it  was  found  that 
the  measured  a  based  on  the  channeling  dip  angle  verus 
crystal  position  is  consistant  with  a  =  1.5a^norfe/  and  the 
measured  beta  function. 

To  simulate  the  action  of  the  crystal  in  RHIC  we  used  the 
CATCH  (Capture  And  Transport  of  CHarged  particles  in  a 
crystal)  code  [9].  For  computing  speed,  a  6  x  6  matrix  was 
used  to  track  the  ions  around  the  ring.  Particle  distributions 
are  gaussian  in  momentum  deviation,  8,  and  exponential  in 
action,  J,  with  a  IStt  mm-mrad  normalized  rms  emittance. 
Only  particles  that  hit  the  crystal  are  tracked  in  the  horizon¬ 
tal  plane,  so  as  to  avoid  tracking  uninteresting  particles  in 
the  core.  In  the  vertical  plane,  the  phase  ellipse  is  filled. 

Fig.  2  shows  simulations  of  the  number  of  scattered  par¬ 
ticles  verus  the  crystal  angle  with  the  measured  and  model 
Twiss  parameters  and  data  for  the  P*  -  Im  local  PHENIX 


3400 

^  2BOO 
^  2600 
2400 
^  2200 
2000 
1600 
1600 
1400 
1200 


Figure  2:  The  effects  of  the  modeled  (blue)  and  measured 
(red)  Twiss  parameters  compared  with  a  typical  crystal  an¬ 
gular  scan.  Simulations  are  shifted  -365  /zrad  to  account 
for  survey  offsets. 

optics  during  the  2001  run.  The  large  dip  is  when  the  crys¬ 
tal  planes  are  aligned  with  the  beam.  The  effect  on  the  posi¬ 
tion  and  width  of  the  dip  due  to  changing  a/^  is  quite  clear. 
The  rms  width  of  the  large  dip  is  equal  to  the  quadrature 
sum  of  a e  and  Oc.  Efficiency  is  defined  as  maximum  depth 
of  the  large  dip  divided  by  the  background  rate.  For  the 
measured  optics,  ae  —  24  //rad  and  e  =  30%,  according 
to  the  theory.  This  is  in  good  agreement  with  the  simulation 
and  the  data  in  Fig.  2.  For  the  model  optics,  ae  —  8.9  /irad 
which  is  in  good  agreement  with  simulation.  Formula  5 
does  not  apply  in  this  case  because  ae  <  Oc. 

The  subsequent  structure  to  the  right  of  the  large  dip 
shows  channeling  of  particles  that  scatter  through  a  frac¬ 
tion  of  the  crystal  into  a  crystal  plane  and  then  channel  the 
remaining  distance.  This  is  known  as  volume  capture  [7]. 
Fig.  3  shows  the  effect  of  multiple  turns  on  the  channeling 
shape.  The  depth  of  this  subsequent  structure  is  dominated 
by  the  number  of  encounters  that  particles  can  have  with 
the  crystal.  The  angular  width  of  the  volume  capture  re¬ 
gion  and  the  channeling  dip  is  equal  to  the  bend  angle  of 
the  crystal. 


Figure  3:  The  Effect  of  multiple  turns  of  the  channeling 
signal. 


6  CRYSTAL  CHANNELING 

Experiments  with  the  crystal  collimator  have  been  per¬ 
formed  with  gold  and  polarized  proton  beams  in  RHIC.  The 
crystal  angle  was  moved  through  a  range  of  angles  for  a 
variety  of  different  crystal  positions,  scraper  positions,  and 
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lattices.  Beam  losses  were  recorded  by  the  PIN  diodes,  ho- 
doscope,  and  beam  loss  monitors.  Signals  from  the  RHIC 
experiments  were  also  logged  to  monitor  their  background 
rates.  Table  1  lists  the  available  data  samples. 


Table  1 :  Tabulation  of  Angular  Scans 


Species 

@  IRS 

No.  of  Scans 

<(Te> 

<  e  > 

Au 

5  m 

27 

45  /xrad 

20% 

Au 

2m 

24  (2001  Run) 

105  /xrad 

28% 

Au 

2  m 

20  (2003  Run) 

37  /zrad 

26% 

Au 

1  m 

109 

69  /irad 

16% 

P 

3  m 

119 

70  //rad 

26% 

The  (3*  =  1  m  is  at  the  PHENIX  interaction  region  only,  all  the  other 
experimental  IRs  were  kept  at  /?*  =  2m.  The  2003  Run  data  is  taken 
during  deuteron-gold  operations. 


Fig.  4  shows  a  typical  angular  scan  from  the  2003  RHIC 
run.  All  of  the  data  is  averaged  over  20  ^rad,  the  resolution 
of  the  angular  readback.  The  fit  is  to  two  gaussians  on  a 
sloping  background  with  a  sloped  line  connecting  them  [4]. 
For  each  set  of  data,  approxiately  40%  of  the  data  can  be  fit. 
The  remaining  data  is  a  combination  of  data  that  contains 
incomplete  scans  due  to  technical  problems,  scans  with  low 
signal  because  the  crystal  was  not  close  enough  to  the  beam 
or  was  shielded  by  the  scraper,  scans  where  the  beam  has 
an  oscillation  due  to  the  AGS  Booster  cycle,  or  scans  that 
are  well  outside  of  the  angular  acceptance  of  the  crystal. 
Of  the  data  that  can  be  fit,  the  fit  function  tends  to  return 
widths  that  are  wider  and  efficiencies  that  are  smaller  than 
the  data  and  the  simulations  show. 


Figure  4:  Data  from  Fill  03061.  The  simulation  is  done 
with  the  measured  machine  optics[10]. 

The  values  in  Table  1  are  averages  over  all  of  the  fits  for 
each  RHIC  configuration.  The  average  efficiency  over  all 
runs  is  23%.  The  average  width  of  the  channeling  dip  over 
all  mns  is  68.5  //rad  as  measured  from  the  upstream  PIN 
diodes.  The  hodoscope  was  not  used  in  the  averages  be¬ 
cause  in  the  FY2001-2  run,  it  was  not  properly  configured, 
and  had  a  low  signal  to  noise  ratio.  This  was  improved  for 
the  2003  run  by  increasing  the  gain  and  improving  the  rela¬ 
tive  timing  of  the  phototubes.  The  —  5m  and  =  2m 
averages  have  a  large  variation  because  of  the  low  number 
of  angular  scans  taken. 


7  CONCLUSIONS  AND  FUTURE  PLANS 

We  have  shown  that  the  channeling  efficiency  of  the 
crystal,  and  hence  its  ability  to  be  an  efficient  collimator  is 
dominated  by  the  phase  ellipse  at  the  collimator  entrance. 
If  one  were  to  place  a  collimator  at  a  location  where  q  0, 
such  as  in  a  quadmpole,  the  channeling  angle  would  be 
independant  of  crystal  position,  and  one  may  be  less  sensi¬ 
tive  to  optical  errorr,  since  changes  in  a  should  be  small. 
Placing  the  crystal  at  a  large  P  location  has  the  further 
advantage  that  the  beam  has  a  very  small  angular  diver¬ 
gence  so  efficiency  is  increased.  In  RHIC,  the  largest  high 
P  location  is  in  the  IR  triplets.  Unfortunately,  the  P  func¬ 
tion  changes  so  rapidly  outside  these  quadrupoles,  that  a 
quickly  becomes  large.  In  places  where  a  does  not  pass 
quickly  though  zero,  P  is  quite  small.  Unfortunately,  be¬ 
cause  of  lattice  and  space  constraints,  and  the  need  to  im¬ 
prove  our  collimation  efficiency  for  the  upcoming  high  lu¬ 
minosity  run,  the  crystal  collimator  will  be  removed  in  fa¬ 
vor  of  a  conventional  two  stage  collimation  system. 

Crystal  channeling  in  RHIC  could  be  achieved  and  is 
consistant  with  simulation  and  theoretical  results.  Crystal 
collimation  was  unsuccessful  because  of  the  low  efficiency, 
however,  crystal  channeling  still  might  be  a  promising  way 
to  collimate  beams  in  future  accelerators,  provided  the  po¬ 
sition  can  be  chosen  appropriately. 
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COMMISSIONING  OF  A  FIRST-ORDER  TRANSITION  JUMP  IN  RfflC  * 
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Abstract 

When  accelerating  gold  ions  in  the  Relativistic  Heavy 
Ion  Collider  (RHIC)  the  transition  energy  must  be  crossed. 
RHIC  uses  a  set  of  special  quadrupoles  and  power  supplies 
which  can  reverse  polarity  in  less  than  40  milliseconds. 

These  quadrupoles  are  used  to  produce  dispersion  bumps 
which  increase  the  transition  energy  as  the  beam  ap¬ 
proaches  transition.  The  change  of  polarity  will  then  jump 
the  transition  energy  across  the  beam  energy.  This  paper 
describes  the  commissioning  of  the  RHIC  transition  cross¬ 
ing  system. 


radius  of  242  m  this  would  require  a  dipole  length  of  27 
m.  The  resulting  beta  function  is  then  approximately  90  m 
and  the  maximum  dispersion  is  4.5  m.  Instead  of  dealing 
with  such  large  beam  and  magnets  it  was  decided  to  use 
a  transition  crossing  scheme  described  in  [2].  The  transi¬ 
tion  gamma  is  now  23.1,  above  the  ion  injection  energies 
but  below  the  proton  injection  energy.  The  maximum  beta 
function  in  the  arcs  is  45  m  and  the  maximum  dispersion  is 
2  m. 

POWER  SUPPLIES 


INTRODUCTION 

The  Relativistic  Heavy  Ion  Collider  (RHIC)  was  built 
in  the  tunnel  constructed  for  the  ISABELLE  accelerator. 
RHIC  has  two  super-conducting  storage  rings,  intersecting 
in  six  interaction  points.  Each  ring  is  alternating  on  the 
inside  and  outside,  so  RHIC  has  a  tree-fold  symmetry.  Be¬ 
sides  recycling  the  tunnel  the  over  30  year  old  Alternating 
Gradient  Synchrotron  (AGS)  is  used  as  an  injector  for  pro¬ 
tons  at  27  GeV,  deuterons  at  12  GeV/u  and  gold  ions  at  10.2 
GeV/u.  Gold  ions  are  the  accelerated  to  an  energy  of  100 
GeV/u,  protons  to  250  GeV. 

For  each  storage  ring  there  is  an  energy  where  the  rev¬ 
olution  frequency  of  an  ion  around  the  ring  is  independent 
of  its  energy  deviation.  The  change  of  frequency  caused 
by  the  change  in  the  ions  speed  with  energy  is  canceled  by 
a  change  of  the  ions  path  length  around  the  ring.  At  this 
so  called  “transition  energy”  there  is  no  longitudinal  focus¬ 
ing  and  the  energy  spread  in  the  beam  becomes  infinite. 
Crossing  the  transition  energy  in  storage  rings  is  normally 
avoided  by  injecting  the  beam  above  the  transition  energy. 

The  transition  gamma  is  defined  as 


It  L  J  p{s) 


In  approximation  the  dispersion  can  be  expressed  as  a  func¬ 
tion  of  the  bending  radius  R  and  the  dipole  length  I  (  as¬ 
suming  a  phase  advance  per  arc  cell): 


The  transition  crossing  scheme  uses  a  set  of  quadrupoles 
with  a  special  power  supply  which  is  able  to  reverse  po¬ 
larity  within  40  milliseconds.  The  power  supply  [1]  uses 
Insulated  Gate  Bipolar  Transistors  (IGBT)  to  switch  the  po¬ 
larity  and  a  charged  capacitor  to  supply  high  voltage  during 
the  jump.  Figure  1  shows  the  principle. 


Figure  1:  Function  of  the  jump  supply.  The  polarity  of 
a  low  voltage  supply  is  switched  using  IGBTs.  Simulta¬ 
neously  a  charged  capacitor  is  connected  to  supply  a  high 
voltage  which  determines  the  duration  of  the  jump. 

The  program  interface  shown  in  figure  2  is  used  to  con¬ 
trol  the  7t  power  supplies  currents  and  jump  time.  It  also 
arms  the  Multiplexed  Analog-Digital  Converters  to  mea¬ 
sure  the  currents  with  a  sample  frequency  of  10  kHz  and 
displays  the  result  after  the  jump. 


To  avoid  transition  in  RHIC  the  transition  energy  must  be 
below  10  GeV.  With  a  Ring  length  of  3833  m  and  a  bend 

*  Under  contract  with  the  United  States  Department  of  Energy,  Con¬ 
tract  Number  DE-AC02-98CH 10886 
fjoig@bnl.gov 


OPTICS  CONSIDERATIONS 

The  placement  of  the  jump  quadrupoles  is  illustrated 
in  figure  3.  In  the  ideal  case  the  betatron  function  is 
the  same  in  all  quadrupoles  and  phase  advance  between 
the  all  quadrupoles  is  90  degrees.  Four  quadrupoles  are 
placed  in  the  arc  where  the  dispersion  has  its  maxima. 
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Figure  2:  The  7t  Control  program  is  used  to  set  the  power 
supply  currents,  capacitor  voltage  and  the  jump  timing. 
The  power  supply  currents  (set  point  and  read  back)  and  the 
power  supply  voltage  and  capacitor  voltage  is  displayed. 


The  quadrupole  pairs  gtl/gt3  and  gt2/gt4  create  two  over¬ 
lapping  dispersion  bumps,  thus  changing  7t.  Since  these 
four  quadrupoles  have  the  same  polarity  they  also  produce 
a  large  change  in  the  tunes.  Four  additional  quadrupoles 
in  the  straight  sections  of  RHIC  (where  the  dispersion 
is  small)  compensate  this  tune  change.  Finally,  each 
quadrupole  generates  a  change  of  the  beta  function  which 
is  compensated  by  its  direct  neighbor. 
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Figure  3:  Placement  of  the  jt  quadrupoles. 


In  RHIC  the  beta  functions  the  7^  quadrupoles  vary  by 
about  10%  and  the  phase  advance  in  only  about  72  degrees. 
Therefore  the  ideal  RHIC  optics  is  significantly  distorted 
by  the  7^  quadrupoles.  Figure  4  shows  the  beta  function. 

Since  the  beta  beat  generates  a  strong  quadratic  compo¬ 
nent  of  the  tune  during  the  jump  the  twelve  power  supplies 
are  set  in  four  logical  families  using  two  families  in  the 
inner  arcs  and  two  in  the  outer  arcs.  The  remaining  tune 
variation  is  shown  in  figure  5. 

When  RHIC  was  first  turned  on  a  short  was  discovered 
in  one  of  the  7t  power  supplies.  The  short  could  not  be 
fixed  without  opening  the  ciyostat.  The  power  supply  for 
the  tune  compensation  in  the  same  arc  was  turned  off  too 
and  the  set  points  were  adjusted  to  the  new  situation.  The 
resulting  tune  variation  is  not  significantiy  different. 


Figure  4:  Distortion  of  the  RHIC  beta  functions  by  the  7t 
quadrupoles.  In  the  undistorted  optics  the  maximum  beta 
function  is  270  m  in  the  interaction  point  quadrupoles  and 
45  m  in  the  arcs. 


Figure  5:  Time  variation  during  the  jump. 


COMMISSIONING 

The  first  test  of  the  system  where  performed  at  injec¬ 
tion  energy.  Using  the  RHIC  tune  measurement  system  the 
magnet  polarities  where  checked  which  revealed  one  miss- 
wired  quadrupole.  After  the  repair  the  measured  tune  vari¬ 
ation  during  the  jump  was  Ai/x  =  0.008  and  Auy  =  0.003 
as  predicted.  With  a  tune  change  of  0.7  caused  by  the  GT- 
families  alone  this  is  a  very  good  cancellation. 

Initially,  the  beam  loss  during  the  jump  was  in  the  order 
of  5%.  A  vast  improvement  was  the  beam  based  alignment 
which  was  also  performed  at  injection  energies.  By  chang¬ 
ing  a  single  power  supply  current  (with  four  quadrupoles) 
at  a  time  and  measuring  the  orbit  difference  around  the  ma¬ 
chine  the  offset  in  the  quadrupoles  was  determined  and  cor- 
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Figure  6:  Beam  currents  during  the  ramp  after  beam  based  alignment  in  the  blue  ring. 


rected  using  dipole  correctors.  The  resulting  orbit  was  mea¬ 
sured  with  the  beam  position  monitors  and  declared  to  be 
the  “golden  orbit”.  The  orbit  at  the  time  of  the  jump  was 
then  corrected  to  these  values.  Figure  6  shows  the  beam 
cuitents  during  a  ramp  with  such  correction  in  the  ’Tilue” 
ring,  but  uncorrected  in  the  “yellow”  ring. 


YELLOW  WCM  plot,  fill  02702 


Figure  7:  Bunch  length  (red)  in  nanoseconds  vs.  time  in 
seconds,  the  transition  jump  is  at  f  =  2  sec.  Also  shown 
is  the  4th  power  of  the  bunch  length  (yellow)  and  lines  to 
guide  the  eye  to  find  the  zero  crossing  of  . 

The  jump  timing  is  another  parameter  that  was  carefully 
optimized  is  the  jump  timing.  The  tool  used  was  the  mea¬ 
surement  of  the  bunch  length  using  a  Wall  Current  Monitor 
(WCM).  Figure  7  shows  the  bunch  length  as  the  function 
time.  Also  shown  is  the  forth  power  of  the  bunch  length. 
Close  to  the  transition  the  bunch  length  is  a  I7  -  7t|i 
and  the  acceleration  is  constant:  7  a  t  The  forth  power  of 
the  bunch  length  vs.  time  is  a  straight  line  and  7^  is  can  be 


measured  by  finding  the  intersection  of  this  line  with  zero. 
The  jump  timing  is  set  where  the  two  lines  intersect.  This 
way  the  slip  factor  7]  ^  does  not  change  with  the 

jump.  During  the  jump  the  phase  of  the  RF  is  also  changed 
from  05  to  180®  —  4>s‘  The  timing  of  this  phase  flip  is  opti¬ 
mized  to  minimize  coherent  oscillations  after  the  jump. 

INSTABILITIES 

After  increasing  the  beam  current  in  RHIC  head-tail  in¬ 
stabilities  where  observed  slightly  before  or  after  the  tran¬ 
sition  jump,  leading  to  fast  beam  loss.  These  instabilities 
could  be  fought  using  octupoles  to  increase  the  Landau 
damping  in  the  machine.  Most  likely  the  instabilities  co¬ 
incide  with  the  crossing  of  the  chromaticity  through  zero. 
It  is  proposed  [3]  to  add  a  sextupole  jump  scheme  to  avoid 
these  problems. 

CONCLUSIONS 

The  transition  jump  system  in  RHIC  was  designed  to 
adapt  to  the  given  dimensions  of  the  accelerator.  After 
careful  commissioning  this  system  works  well  and  is  no 
limitation  to  the  performance  of  the  accelerator. 
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Abstract 

During  the  summer  of  2002,  eight  superconducting  heli¬ 
cal  spin  rotators  were  installed  into  RHIC  in  order  to  con¬ 
trol  the  polarization  directions  independently  at  the  STAR 
and  PHENIX  experiments.  Without  the  rotators,  the  orien¬ 
tation  of  polarization  at  the  interaction  points  would  only 
be  vertical.  With  four  rotators  around  each  of  the  two  ex¬ 
periments,  we  can  rotate  either  or  both  beams  from  vertical 
into  the  horizontal  plane  through  the  interaction  region  and 
then  back  to  vertical  on  the  other  side.  This  allows  inde¬ 
pendent  control  for  each  beam  with  vertical,  longitudinal, 
or  radial  polarization  at  the  experiment.  In  this  paper,  we 
present  results  from  the  first  run  using  the  new  spin  rotators 
at  PHENIX. 


INTRODUCTION 

The  Relativistic  Heavy  Ion  Collider  (RHIC)  has  the  ca¬ 
pability  of  colliding  polarized  protons[2,  3]  in  the  energy 
range  of  from  50  to  500  GeV.  In  each  of  the  collider 
rings  there  are  a  pair  of  Siberian  snakes  to  maintain  polar¬ 
ization  during  the  energy  ramps.  The  stable  spin  direction 
in  each  ring  is  vertical  with  spin  up  between  snakes  in  one 
half  of  the  ring  and  spin  down  in  the  other  half. 

This  year  we  have  been  running  (Run  3)  with  55  bunches 
of  polarized  protons  in  each  ring  at  100  GeV  per  beam. 
Individual  bunches  are  injected  with  either  spin-up  (+)  or 

spin-down  (— ).  In  one  ring  the  pattern  alternates  -j - h  — 

♦  •  • ,  and  in  the  other  ring  the  pattern  is  -h  H - to  allow 

for  all  four  possible  incident  polarization  combinations. 

Each  ring  has  a  Coulomb  Nuclear  Interference  (CNI)  po- 
larimeter  which  measures  the  transverse  asynometry  of  car¬ 
bon  nuclei  recoiling  from  a  thin  carbon  filament  which  can 
be  moved  into  the  beam.  [4].  The  asymmetry  is  due  to  an 
interference  of  the  Coulomb  and  nuclear  parts  of  the  cross 
section.  The  STAR  and  PHENIX  detectors  are  between 
snakes  in  the  same  half  of  the  rings,  and  CNI  polarime- 
ters  are  in  the  opposite  half;  so  for  a  bunch  of  protons  with 
spin  up  as  measured  by  the  CNI  polarimeter,  STAR  and 
PHENIX  would  measure  spin  down. 

There  are  four  spin  rotators  (Fig.  1)  around  each  of  the 
STAR  and  PHENIX  interaction  regions[3].  With  the  four 
rotators  around  each  experiment  we  can  rotate  the  polar¬ 
ization  locally  to  obtain  longitudinal  and  radial  polariza¬ 
tion  at  the  collision  point  without  affecting  the  spin  dy- 

*Work  performed  under  the  auspices  of  the  U.  S.  Department  of  En¬ 
ergy  (contract  #  DE-AC02-98CH 10886)  and  RIKEN  of  Japan. 
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Figure  1:  Layout  of  rotators  around  PHENIX  (or  STAR) 
interaction  region. 


Bi  m 

Figure  2:  The  helical  rotators  rotate  the  spin  by  an  angle 
fi  about  an  axis  transverse  to  the  beam  as  shown  in  the  left 
diagram.  The  plot  on  the  right  shows  contours  of  /i  and  0, 
the  angle  of  the  rotation  axis  from  the  a:-axis  for  various 
settings  of  fields  in  the  inner  and  outer  pairs  of  helices. 


namics  in  the  rest  of  the  rings.  For  longitudinal  polariza¬ 
tion  the  incoming  rotator  rotates  the  spin  from  vertical  into 
the  horizontal  plane.  Between  the  end  of  the  rotator  and 
the  interaction  point  are  two  horizontal  bends  (DO  and  DX) 
for  bringing  the  beams  into  collision.  There  is  an  energy- 
dependent  net  rotation  of  the  polarization  about  the  vertical 
axis:  about  10°  at  injection  (24.3  GeV),  40°  at  100  GeV, 
and  100°  at  full  energy  250  GeV.  On  the  outgoing  side  of 
the  collision  point,  the  DX,  DO,  and  rotator  magnets  re¬ 
verse  the  spin  precession  so  that  from  rotator  to  rotator,  the 
interaction  region  (IR)  is  transparent  to  spin. 

PHENIX  LOCAL  POLARIMETER 

In  order  to  have  a  verification  of  polarization  direction  at 
the  experiments,  both  PHENIX  and  STAR  developed  local 
polarimeters  for  measuring  transverse  components  of  the 
polarization.  When  the  polarization  is  longitudinal  the  lo¬ 
cal  polarimeters  show  no  transverse  components  while  the 
CNI  polarimeter  measures  a  nonzero  vertical  component 
on  the  other  side  of  the  ring. 

The  PHENIX  Local  Polarimeter  was  based  on  experi- 
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^  (Tilted  at  45°) 

Figure  3:  Left:  Layout  of  the  local  PHENIX  polarimeters 
around  the  interaction  region.  The  y-axis  (vertical)  is  out  of 
the  page;  each  local  polarimeter  has  a  right-handed  Carte¬ 
sian  system  with  2:-axis  pointing  along  the  corresponding 
beam  direction.  Right:  definition  of  the  left-right  asymme¬ 
try  indicating  a  polarization  tipped  away  from  the  vertical 
axis  by  an  angle  0. 


Figure  4:  PHENIX  local  polarimeter  measured  asymme¬ 
tries  with  the  rotators  off:  left  is  for  the  Blue  ring,  and  right 
is  for  the  yellow  ring.  The  curves  are  fits  of  a  cosine  func¬ 
tion  to  the  measured  asymmetries.  The  positive  peak  at 
(f)  —  — 7r/2  corresponds  to  a  spin-down  polarization. 


mental  evidence  from  a  test  experiment  performed  at  IP12 
in  Run  2[5]  which  showed  that  there  is  a  left-right  asym¬ 
metry  in  very  forward  neutron  production  from  collisions 
of  protons  with  one  transversely  polarized  beam. 

Each  PHENIX  local  polarimeter  consists  of  the  Zero 
Degree  Calorimeters  (ZDC)  and  a  Shower  Maximum  De¬ 
tectors  (SMD)  inserted  between  the  first  and  the  second 
modules  of  the  three-module  ZDC  units  on  both  sides  of 
the  PHENIX  IR.  The  ZDCs  sampled  the  neutron  energy 
through  the  hadronic  shower  development  within  its  vol¬ 
ume.  The  SMDs  consist  of  8  horizontal  and  7  vertical 
1.5  cm  strips  of  plastic  scintillator  read  by  a  16  channel 
photomultiplier  tube  (Hamamatsu  M16).  Based  on  the  en¬ 
ergy  observed  in  each  strip,  we  reconstructed  the  energy- 
deposited  profile,  and  hence  deduced  the  hit  position  of  the 
neutron  which  was  then  used  to  reconstruct  the  left-right 
and  up-down  asymmetries.  Both  these  types  of  asymme¬ 
tries  were  further  combined  to  show  a  0  distribution  of 
asymmetry  (defined  in  Fig.  3),  0  =  0  starting  from  the  ver¬ 
tical  direction,  increasing  in  the  counter-clockwise  direc¬ 
tion.  To  minimize  the  effect  of  different  bunch  intensities, 
the  asymmetry  was  calculated  by  the  formula 


(1) 


where  corresponds  to  the  number  of  neutrons  detected 
to  the  left  of  the  0-line,  and  a  the  number  on  the  right 
for  spin-up  (+)  and  spin-down  (-)  bunches. 


ROTATOR  CALIBRATION 

Fig,  4  shows  the  asymmetry  measured  by  the  local  po¬ 
larimeters  at  PHENIX  for  both  rings  with  the  rotators 
turned  off.  The  phase  of  the  cosine  distribution  indicates 
vertical  polarization  (spin-down)  opposite  to  the  CNI  po¬ 
larimeter  measurement  (spin-up)  on  the  other  side  of  the 
snakes. 

Each  rotator  consists  of  four  superconducting  helical  di¬ 
pole  magnets  -  alternating  right  and  left-handed  helices[2]. 
The  outer  pair  of  helices  are  connected  in  series  to  one 
power  supply,  and  the  inner  pair  to  a  second.  With  the 


Figure  5:  Sensitivity  of  polarization  direction  to  rotator 
settings  at  100  GeV.  The  angles  9^:  and  Oy  are  defined 
in  terms  of  the  polarization  components  by  the  equations 
tan^a;  =  Pa^/Pz  for  horizontal  and  tan^^.  =  Py/Pz  for 
vertical. 


two  snakes  at  full  strength  in  a  given  ring  at  100  GeV,  lon¬ 
gitudinal  polarization  is  obtained  when  Ijn  =  184  A  and 
lout  =  221  A.  Fig.  5  shows  the  sensitivity  of  transverse 
polarization  components  to  changes  in  rotator  currents  at 
100  GeV. 

When  we  first  turned  on  the  rotators  around  PHENIX 
the  polarization  measured  by  the  local  polarimeters  showed 
nonzero  zero  asymmetries  corresponding  to  a  large  neg¬ 
ative  radial  component  in  both  rings  (see  Fig.  6).  The 
amount  of  precession  through  the  DO  and  DX  magnets  at 
100  GeV  is  about  40"^  degrees.  In  our  earlier  calculations 
we  inadvertently  missed  a  sign,  and  had  the  power  supplies 
to  all  rotators  wired  backwards.  With  the  wrong  polarity, 
the  spin  in  the  rotator  is  rotated  by  an  angle  -ji  about  the 
same  axis  so  that  after  the  rotator,  the  spin  is  rotated  to  the 
other  side  of  the  longitudinal  by  -40°.  The  additional  pre¬ 
cession  through  the  DO  and  DX  magnets  then  rotates  the 
polarization  to  -80°  from  the  longitudinal.  This  was  veri¬ 
fied  by  spin  tracking  through  all  rotators  in  both  rings.  Af¬ 
ter  correcting  the  polarity  of  the  rotator  power  supplies,  the 
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Figure  6:  PHENIX  asymnaetries  measured  after  first  turn¬ 
ing  on  the  rotators  at  PHENIX  with  reversed  currents 
(Jin  =  —184  A  and  Jout  =  —221  A):  left  is  for  the  Blue 
ring,  and  right  is  for  the  Yellow  ring. 


Figure  7:  PHENIX  asymmetries  measured  after  correcting 
the  polarities  of  the  power  supplies.  Both  sets  of  rotators 
were  set  to  the  currents:  Jin  =  184  A  and  Jout  =  221  A. 
The  negligible  asymmetry  in  the  Blue  ring  (left  plot)  is  con¬ 
sistent  with  longitudinal  polarization  at  PHENIX.  The  Yel¬ 
low  ring  measurement  (right  plot)  still  shows  a  sizable  ver¬ 
tical  component  due  to  the  weak  snake  as  discussed  in  the 
text. 

measurements  showed  a  negligible  transverse  component 
in  the  Blue  ring  (see  Fig.  7). 

During  the  initial  startup  a  helical  dipole  in  one  of  the 
snakes  in  the  Yellow  ring  failed  with  an  opening  of  the  su¬ 
perconductor.  We  reconfigured  this  snake  to  run  as  a  partial 
snake  using  a  single  pair  of  helices;  the  amount  of  spin  ro¬ 
tation  in  this  snake  was  only  158°  rather  than  a  full  180°. 
We  were  able  to  operate  the  Yellow  ring  with  one  full  snake 
and  the  weaker  snake  maintaining  polarization  by  keeping 
the  spin  tune  close  to  0.5  during  the  ramps  for  energy,  beta- 
squeezes,  and  rotators.  With  this  weak  snake  the  stable  spin 
direction  is  not  vertical,  but  tilts  away  from  the  vertical  by 
about  11°.  This  tilt  is  also  translated  through  the  rotators 
into  a  spin  which  is  not  quite  longitudinal  as  shown  in  the 
right  side  of  Fig.  7. 

A  correction  may  be  made  according  to  Fig.  5  from  an 
estimate  of  the  direction  of  the  polarization  away  from  the 
longitudinal  and  the  orientation  of  the  transverse  compo¬ 
nents.  From  the  Yellow  ring  measurements  of  the  local 
polarimeter  in  Fig.  7  and  the  CNI  polarimeter,  a  crude  es¬ 
timate  determined  that  the  spin  was  pointing  as  much  as 
40°  away  from  the  longitudinal  with  a  transverse  compo- 


Figure  8:  Further  PHENIX  asymmetries  for  the  Yellow 
ring  with  rotator  adjustments.  A  setting  of  Jout  =  198  A 
and  Jin  =  229  A  shown  at  left  increased  the  transverse 
component.  At  right  the  setting  with  currents  Jout  =  244  A 
and  Jin  =  138  A  eliminated  the  transverse  component. 

nent  about  12°  away  from  the  vertical.  A  first  estimate  was 
made  for  the  correction  shown  in  the  left  of  Fig.  8  went  in 
the  wrong  direction.  Compensating  in  the  opposite  (cor¬ 
rect)  direction  (Fig.  8  right)  nulled  the  transverse  compo¬ 
nents  to  yield  longitudinal  polarization. 

RHIC  is  now  the  first  collider  with  longitudinal  polariza¬ 
tion  in  both  beams.  The  STAR  rotators  were  successfully 
commissioned  later  during  the  conference. 
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Abstract 


During  transition  crossing  in  the  Relativistic  Heavy  Ion 
Collider  (RHIC),  chromaticities  have  to  change  sign.  This 
sign  change  is  partially  accomplished  by  the  7t  quadrupole 
jump;  however,  the  resulting  chromaticity  jump  is  only 
=  2.1  in  the  horizontal  and  A^y  =  2.4  in  the  ver¬ 
tical  plane.  To  increase  the  jump  height,  a  dedicated  chro¬ 
maticity  jump  scheme  has  been  designed,  consisting  of  fast 
power  supplies  connected  to  six  sextupoles  per  ring,  which 
is  capable  of  providing  a  chromaticity  jump  of  A^  =  6. 


INTRODUCTION 


The  Relativistic  Heavy  Ion  Collider  (RHIC)  consists  of 
two  superconducting  storage  rings  installed  side-by-side, 
which  intersect  at  six  interaction  points.  Therefore,  each 
ring  consists  of  three  inner  and  three  outer  arcs.  Ions  other 
than  protons  are  injected  into  RHIC  from  the  Alternating 
Gradient  Synchrotron  (AGS)  below  transition  energy,  at  7 
in  the  range  of  10  to  15.  When  accelerated  to  storage  ener¬ 
gies  of  100  GeV/nucleon,  which  corresponds  to  7  =  107 
for  fully  stripped  gold  ions,  for  example,  the  transition  en¬ 
ergy  has  to  be  crossed  at  7*  =  23.2.  This  is  accomplished 
by  a  dedicated  set  of  7f-quadrupoles  which  are  equipped 
with  special  power  supplies  capable  of  switching  the  sign 
of  the  magnetic  field  within  some  30  msec. 

This  sign  flip  modifies  the  horizontal  dispersion  D-c,  lead¬ 
ing  to  a  change  in  the  transition  energy  as 


1  D^{s) 

Cjo  Pis) 


ds, 


(1) 


where  C  is  the  circumference  of  the  ring,  and  p{s)  desig¬ 
nates  the  local  bending  radius.  Figure  I  shows  the  resulting 
horizontal  dispersion  function  Dx  before  and  after  the  tran¬ 
sition  jump. 

Since  the  arcs  are  equipped  with  regular  sextupoles  to  con¬ 
trol  the  chromaticities  of  the  machine,  the  modified  disper¬ 
sion  function  within  these  sextupoles  slightly  changes  the 
chromaticities.  In  the  case  of  RHIC,  the  associated  chro¬ 
maticity  change  due  to  the  7t-quadrupole  sign  change  is 
A^x  =  2.1  horizontally  and  A^y  =  2.4  vertically  for  a  7^ 
jump  height  of  A7t  =  1.0. 

The  positive  sign  of  this  chromaticity  change  provides  the 
necessary  sign  flip  when  crossing  transiton.  However,  op¬ 
erational  experience  shows  that  the  magnitude  of  this  chro¬ 
maticity  jump  may  not  be  sufficient,  because  chromaticites 
have  to  be  kept  around  ^x,y  =  -I  before  transition  to  en¬ 
sure  a  symmetric  jump  with  ^x,y  =  +1  after  7^.  Keeping 
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Figure  1:  Horizontal  dispersion  function  Dx  before  (top) 
and  after  (bottom)  crossing  transition  for  A7t  =  1.0. 


chromaticites  that  close  to  zero  can  lead  to  transverse  insta- 
bilites  around  transition,  as  it  was  observed  during  RHIC 
operations. 

To  improve  this  situation,  a  dedicated  chromaticity  jump 
scheme  was  developed  [1].  This  scheme  consists  of  two 
sextupoles  at  one  end  of  each  outer  RHIC  arc,  which  are 
jumped  from  zero  to  their  final  strength  within  30  msec  at 
transition.  Since  this  leads  to  an  uneven  sextupole  distri¬ 
bution  around  the  ring,  we  performed  extensive  dynamic 
aperture  studies  to  ensure  the  feasibility  of  this  scheme. 
This  paper  presents  the  results  of  these  studies. 


0-7803-7738-9/03/S17.00  ©  2003  IEEE 


1700 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


RESULTS 

Dynamic  apertures  where  calculated  by  MAD  [2]  for 
three  different  values  of  Ap/p  :  —0.002,  0.0,  and  -1-0.002. 
At  injection  and  transition,  Ap/p  —  0.002  corresponds  to 
roughly  one  cr^,  while  it  corresponds  to  about  two  ap  at 
store.  Tunes  were  set  to  Qx  —  28.21  horizontally  and 
Qy  =  29.23  vertically,  and  the  62  component  of  the  dipoles 
was  included  in  the  tracking  according  to  magnetic  field 
measurements  [3]. 

At  injection  with  a  6efa-function  of  /5*  ^  =  10  m  at  all  IPs 
the  jump  sextupoles  are  off,  as  well  as  the  7t-quadrupoles. 
The  remaining  regular  arc  sextupoles  correct  the  chro- 
maticities  in  both  planes  to  =  —2.  Figure  2  shows  the 
resulting  dynamic  aperture  in  the  {x  —  y)  plane,  together 
with  the  result  for  the  existing  regular  sextupole  scheme. 
The  two  schemes  do  not  differ  significantly. 

Right  before  the  transition  jump,  the  jump  sextupoles  are 


horizontal  amplitude,  x  [m] 


Figure  2:  Dynamic  aperture  at  injection  in  the  (x  —  y)  plan 
e,  for  Ap/p  =  0.0  (solid),  0.002  (dashed)  and  —0.002  (dot¬ 
ted).  The  /^-function  in  all  IPs  is  set  to  13*  =  10  m.  One  a 
corresponds  to  1.25  mm  in  both  planes  for  an  emittance 
of  e  =  lOTrmmmrad.  The  top  graph  shows  the  situation 
with  the  new  jump  sextupole  configuration,  while  the  lower 
plot  exhibits  the  dynamic  aperture  for  the  regular  sextupole 
scheme. 

still  off,  and  the  remaining  regular  arc  sextupoles  provide 
chromaticities  of  (x,y  —  “2  in  both  planes.  Addition¬ 
ally,  the  7t-quadrupoles  are  on  and  provide  an  increased 
gammat  value,  with  A'ji  =  0.5.  The  resulting  dynamic 
aperture  is  significantly  smaller  than  for  the  regular  scheme 
(see  Figure  3),  but  since  it  is  still  at  least  12a x,y  it  is  con¬ 


sidered  sufficient. 

Right  after  the  transition  jump,  the  7t-quadrupoles  have 


horizontal  amplitude,  x  [m] 


horizontal  amplitude,  x  [m] 

Figure  3:  Dynamic  aperture  just  before  the  transition  jump, 
for  Ap/p  =  0.0  (solid),  0.002  (dashed)  and  —0.002  (dot¬ 
ted).  The  /^-function  in  all  IPs  is  =  5  m.  One  a  cor¬ 
responds  to  0.6  mm  in  both  planes  for  an  emittance  of 
€  =  IOtt  mm  mrad.  The  top  graph  shows  the  situation  with 
the  new  jump  sextupole  scheme,  while  the  lower  plot  de¬ 
picts  the  dynamic  aperture  for  the  regular  scheme, 

flipped  sign.  The  jump  sextupoles  are  turned  on  now  and 
set  the  total  chromaticities  to  =  +2,  while  the  strength 
of  the  remaining  regular  arc  sextupoles  remains  unchanged. 
This  results  in  a  dynamic  aperture  that  is  practically  the 
same  as  for  the  regular  sextupole  scheme,  Figure  4. 

At  store  the  quadrupoles  are  off  again,  while  the  jump 
sextupoles  are  set  to  the  maximum  strength  the  fast  power 
supplies  are  capable  of  providing,  which  corrresponds  to 
roughly  the  same  strength  as  the  remaining  sextupoles  in 
the  horizontal  plane  and  about  half  of  the  regular  sextupole 
strength  vertically.  The  resulting  dynamic  aperture  for  a  p- 
function  of  p*  y  =  2  m  at  all  IPs  is  shown  in  Figure  5.  As 
a  comparison  with  the  existing  regular  sextupole  scheme 
shows,  the  dynamic  aperture  is  practically  the  same  for 
both  configurations. 

CONCLUSION 

Dynamic  aperture  studies  have  been  perforrned  to  en¬ 
sure  the  feasibility  of  a  fast  chromaticity  jump  to  improve 
transition  crossing  performance  in  RHIC.  Comparison  with 
the  existing  regular  sextupole  configuration  showed  suffi¬ 
cient  dynamic  aperture  in  spite  of  the  resulting  irregular 
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Figure  4:  Dynamic  aperture  just  after  the  transition  jump, 
f  or  Ap/p  =  0.0  (solid),  0.002  (dashed)  and  -0.002  (dot¬ 
ted),  for  /?*  =  5  m  in  all  IPs.  One  a  corresponds  to  0.6  mm 
in  both  planes  for  an  emittance  of  e  =  IOtt  mm  mraxl.  The 
top  graph  shows  the  situation  with  the  jump  sextupoles, 
while  the  lower  plot  exhibits  the  dynamic  aperture  for  the 
regular  scheme. 

sextupole  distribution.  This  scheme  will  therefore  be  im¬ 
plemented  for  the  upcoming  RHIC  run. 

REFERENCES 

[1]  C.  Montag,  J.  Kewisch,  Dynamic  aperture  studies  towards  a 
7t  sextupole  jump  in  RHIC,  BNL  C-A/AP/84 

[2]  H.Grote,  F.C.Iselin,  The  MAD  program,  CERN/SL/90-13 
(AP) 

[3]  S.  Tepikian,  private  communication 


Figure  5:  Dynamic  aperture  at  store,  for  Ap/p  =  0,0 
(solid),  0.002  (dashed)  and  -0.002  (dotted),  for  = 
2  m  in  all  IPs,  The  jump  sextupoles  are  ON,  provid¬ 
ing  87%  of  the  regular  sextupole  strength  in  the  horizon¬ 
tal  direction,  and  44%  in  the  vertical  plane.  One  a  cor¬ 
responds  to  0.35  mm  in  both  planes  for  an  emittance  of 
€  =  407rmmmrad  (end  of  store).  The  top  graph  depicts 
the  situation  with  jump  sextupole  configuration,  while  the 
lower  plot  shows  the  dynamic  aperture  for  the  regular  sex¬ 
tupole  scheme.  Note  that  at  the  end  of  the  store,  the  emit¬ 
tance  is  assumed  to  be  blown  up  to  ye  =  407r  mm  mrad, 
resulting  in  an  rms  beam  size  of  0.35  mm  at  the  IP. 
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NON-LINEAR  EFFECTS  IN  THE  RHIC  INTERACTION  REGIONS: 
MEASUREMENT  AND  CORRECTION* 


F.  Pilat,  S.  Binello,  P.  Cameron,  V.Ptitsyn,  BNL,  Upton,  USA 


Abstract 

A  technique  for  measuring  and  correcting  locally  non¬ 
linear  effects  arising  from  field  errors  and  feed-down 
from  the  interaction  region  (IR)  triplets  has  been 
developed  at  RHIC.  After  a  brief  review  of  the  method, 
we  will  compare  measurements  taken  with  different  IR 
optics  configurations,  with  beta  at  the  interaction  point 
ranging  from  3  to  Im.  The  beam  data  are  compared  with 
results  from  a  realistic  RHIC  model,  which  includes 
measured  field  errors  in  the  magnets,  and  simulates 
operational  effects  and  corrections.  A  control  room 
application  has  been  developed  for  the  RHIC  run  2003 
that  allows  faster  measurements  of  non-linear  effects, 
online  plotting  and  fitting  of  non-linear  terms  from 
measurements  of  tune  shift  as  a  function  of  orbit  bump 
amplitude.  Results  for  local  non-linear  correction  during 
run  2003  are  presented. 

INTRODUCTION 

The  IR  bump  method  allows  the  determination  and 
correction  of  triplet  errors  from  beam  data  by  measuring 
rms  orbit  and  tune  shift  as  a  function  of  the  amplitude  of 
closed  orbit  bumps  centred  on  the  IR  triplets  [1].  This 
technique  has  been  used  during  RHIC  run  2000  to  correct 
the  triplet  linear  coupling  effects  [2].  Refinement  of  linear 
corrections  and  test  of  non-linear  corrections  were 
achieved  during  run  2001  [3]. 

During  the  RHIC  run  2003,  ended  in  May,  a  control  room 
application  has  been  developed  that  speeds  up  data  taking 
and  facilitates  the  online  data  analysis  and  setting  of  the 
correctors.  That  allowed  the  systematic  correction  of 
sextupole  effects  at  all  low  beta  IR’s,  for  optics  with 
p*=2m  (d-Au  run)  and  p*=l  with  (polarized  p  run).  We 
also  tested  octupole  correction  in  IRS  and  the  use  of  the 


the  application  for  measuring  the  beam-beam  tune  shift 
vs.  crossing  angle  in  IR6.  In  Section  4  we  will  address  the 
comparison  of  beam  data  with  model  predictions.  Finally 
we  will  draw  conclusions  and  discuss  planning  for  the 
next  RHIC  run. 

THE  IR  BUMP  APPLICATION 

The  IR  bump  application  interface  is  shown  in  Figure  1 . 

.  ,  . ►•>*1 


Figure  1 .  IR  bump  application  interface  and  functionality. 

The  application  allows  us  to  select,  calculate  and  set  orbit 
bumps  centred  on  a  single  triplet  or  spanning  the  entire 
IR.  Bumps  are  ramped  from  zero  to  the  chosen  maximum 
amplitude  in  a  set  amount  of  time,  typically  1-2  minutes. 
Tune  values  and  dipole  corrector  power  supply  currents 
are  monitored  on  the  bump.  Tunes  and  rms  orbits  are 
plotted  as  a  function  of  bump  amplitude  and  polynomial 
fitting  up  to  5^  order  is  available  to  quickly  quantify  the 
non-linear  effects  and  to  aid  in  the  determination  of 
corrector  settings. 


Ql  Q2  Q3 


bump  across  IR 
sextunole  correction 

bump  across  triplet 
octuDole  correction 


Figure  2.  Schematics  of  a  RHIC  IR,  with  the  IR  correction  system  and  IR  bumps  used  for  the  correction 
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Orbit  data  proved  valuable  for  linear  correction.  The 
feasibility  of  measuring  accurately  non-linear  effects 
however  resides  in  the  high  resolution  (~10'^)  of  the  PLL 
(Phase  Lock  Loop)[4]  tune  measurement  system  used  for 
this  application  in  its  highest  resolution  mode.  The 
application  greatly  enhanced  the  speed  of  non-linear  IR 
measurements  and  allowed  the  operational  correction  of 
low  order  non-linear  effects. 

MEASUREMENT  AND  CORRECTION 

The  RHIC  IR’s  are  schematically  described  Figure  2.  The 
beams  are  horizontally  separated  first,  so  there  are  2 
triplets  per  ring  at  every  crossing.  Nested  in  each  triplet 
there  are  3  multi-layer  correction  packages,  hosting 
correctors  from  dipole  to  dodecapole.  Dipole  and  skew 
quadrupoles  are  powered  at  every  IR,  while  power 
supplies  for  non-linear  correctors  are  presently  available 
only  at  the  IR’s  designed  as  low  p*  (IR6  and  IRS).  Local 
coupling  correction  at  all  triplets  was  accomplished  in  run 
2000  and  2001.  The  goal  for  2003  was  the  operational 
correction  of  low-order  non-linear  effects  in  IR6  and  IRS. 
The  motivation  is  2  folded:  simulation  evidence  that 
correction  of  triplet  field  errors  increases  the  dynamic 
aperture  at  store  from  3.5  to  -5a,  and  operational.  IR 
sextupole  errors  cause  the  IP  orbit  and  angle  bumps  used 
for  collision  steering  not  to  be  perfectly  closed,  thus 
operationally  coupling  IP’s. 

Prerequisite  for  non-linear  measurements  and  correction 
is  a  well  corrected  machine:  good  overall  orbit  correction 
(rms  <  2mm),  with  beams  well  centred  in  the  triplets 
(<2mm);  chromaticity  adjusted,  coupling  corrected  to 
AQmin  <0.002  with  enough  tune  separation  (>0.006)  to 
insure  independence  of  horizontal  and  vertical  dynamics; 
beams  anti-cogged  by  3  buckets  to  insure  no  interference 
from  beam-beam  effects. 

Sextupole  corrections  at  p^-2m  IR 's 
In  each  IR  there  are  2  sextupole  correctors  (sx3  in  Figure 
2)  at  high  Px  and  Py  locations  given  the  anti-symmetry  of 
the  IR  optics. 


IR 

pi 

sextupole 

BC 

sextupole 

AC 

octupole 

BC 

octupole 

AC 

o 

0.22209 

0.01347 

0.00535 

0.00093 

ISIS 

D 

-0.33559 

0.00595 

-0.00388 

0.00119 

O 

-0.23338 

-0.02673 

-0.00968 

-0.00051 

UBI 

D 

0.41028 

-0.00042 

-0.00745 

-0.00251 

O 

-0.03204 

no  correct. 

-0.00557 

-0.00557 

HH 

Q 

0.07865 

no  correct. 

0.00646 

0.00646 

O 

-0.06853 

0.02713 

0.00536 

-0.01491 

LXJ 

0.12877 

0.01121 

-0.00176 

0.00015 

Table  1.  Sextupole  and  octupole  coefficients  (in  units  of 
10‘^)  of  the  tune  vs.  bump  amplitude,  before  (BC)  and 
after  (AC)  local  sextupole  correction,  p*=2m  optics. 


For  sextupole  correction  we  used  a  horizontal  10mm 
bump  spanning  the  2  triplets.  The  2  sextupole  correctors 
are  independently  adjusted  on  the  basis  of  the  fitted 
sextupole  coefficients.  Before  and  after  correction  tune 


dependence  at  all  IR’s  is  summarized  in  Table  1.  Since 
the  effect  in  Blue  IRS  was  small,  it  has  been  left 
uncorrected.  Figure  3  shows  the  tune  dependence  vs. 
bump  amplitude  before  and  after  sextupole  correction  at 
IRS  in  the  yellow  ring. 

Tune/Bump 


<|l(.)pTi»*..jh:tTjnrl1  hTm.FitttH}  (ri> 

<^cio«>T«n.ijw:t.jneH  <Y2}  (y2) 
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fYl)  — • —  hTim.FittMl  (VJ)  | 
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Figure  3.  Tune  dependence  vs.  bump  amplitude  before 
and  after  correction,  IRS,  p*^2m  optics. 


Sextupole  corrections  at  the  IR 's 

In  the  d-Au  run  IRSa  and  IR6  have  been  operated  at 
p*=2m,  while  the  optics  has  been  squeezed  at  the  same 
IP’s  to  p*=lm  in  the  polarized  proton  run.  Measurements 
and  sextupole  correction  were  repeated  in  the  new 
configuration.  Results  are  summarized  in  Table  2  and 
displayed  in  Figure  4. 


IR 

pi 

sextupole 

BC 

sextupole 

AC 

octupole 

BC 

octupole 

AC 

o 

-0.09225 

-0.00717 

0.00714 

0.00187 

I^HH 

Q 

0.19926 

-0.00351 

0.00013 

0.00228 

El 

-0.00446 

0.09622 

-0.00080 

-0.00713 

Dl 

0.19372 

0.08155 

0.00666 

0.00634 

O 

-0.03177 

-0.00343 

-0.00444 

-0.00669 

ra 

0.17317 

-0.00344 

-0.00076 

0.00043 

Bir6 

H 

-0.10395 

-0.00241 

0.00044 

0.00057 

V 

0.10728 

0.00399 

0.00514 

-0.00461 

Table  2.  Coefficients  (in  units  of  10‘"),  before  (BC)  and 
after  (AC)  local  sextupole  correction,  p*=lm  optics. 


The  measured  tune  shift  vs.  bump  amplitude  are  on 
average  larger  for  the  p*=2m  configuration  than  for 
p*=lm.  This  counter-intuitive  result  is  explained  by  the 
fact  that  for  d-Au  (Im  optics)  the  magnets  were  ramped  to 
4500A  (Au  100  GeV/u,  d  250  GeV),  while  for  pp  to 
ISOOA  (p  at  100  GeV)  and  the  dependence  of  field  errors 
on  the  current  offsets  the  p*  dependence. 
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Tufie/Buftip 


Figure  4.  Tune  dependence  vs.  bump  amplitude  before 
and  after  correction,  IRS,  P*=lm  optics. 

Octupole  correction  at  IRS 

Local  octupole  correction  has  been  tested  in  yellow  IRS. 
Since  we  have  2  octupoles  correctors  per  triplet,  we  used 
horizontal  3-bump  centred  at  the  individual  triplets. 
Results  are  summarized  in  Table  3. 


triplet 

bump 

Octupole  BC 

Octupole  AC 

Yi7 

10mm 

0.00750 

0.00153 

-0.00867 

-0.00059 

YoS 

7  mm 

0.00399 

-0.00397 

-0.00941 

-0.00188 

Table  3.  Octupole  coefficients  (units  10'^)  before  and  after 
correction  at  the  IRS  triplets,  yellow  ring,  p*=2m. 

The  octupole  correction  was  not  retained  for  operations 
since  feed-down  from  octupoles  degraded  the  pre-existing 
sextupole  correction.  Conceptually,  octupole  correction 
should  be  performed  first  followed  by  sextupole,  to  avoid 
feed-down,  but  sextupole  correction  had  higher  priority. 


Test  measure  of  beam-beam  effects  at  IR6 

Tune/Qump  .  . 


Figure  5.  Tune  shift  vs.  crossing  angle:  difference 
between  cogged  and  un-cogged  beam. 

The  bump  amplitude  is  proportional  to  the  crossing  angle 
at  the  IP.  By  comparing  data  with  colliding  beam 
(cogged)  and  not  colliding  (un-cogged)  the  IR  bump 
application  has  been  tested  to  determine  the  tune  shift  due 
to  the  beam-beam  effect  as  a  function  of  crossing  angle 
[5],  an  interesting  operational  beam-beam  parameter. 

COMPARISON  WITH  THE  MODEL 


Tune  shift  vs,  bump  amplitude  at  bo7 
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Figure  5.  Comparison  of  model  and  measurement  at  bo7 

Realistic  modelling  of  the  IR  bumps  with  individual 
measured  field  and  alignment  errors  in  the  triplet  cold 
masses  has  started.  Preliminary  results  for  IRS  show  good 
correlation  between  measured  and  simulated  tune  shifts. 


Measurements  at  the  ff^=3m  IR  *s 


IR 

bump 

plan 

e 

sextupole 

octupole 

decapole 

YirlO 

lOH 

H 

-0.04798 

-0.00829 

0.00059 

V 

0.04262 

-0.00092 

-0.00111 

YirlO 

lOV 

H 

-0.03633 

0.00121 

0.00085 

V 

-0.02066 

0.00159 

0.00060 

Yir2 

lOH 

H 

-0.09138 

-0.00856 

0.00133 

V 

0.13084 

0.00553 

-0.00116 

Yir2 

lOV 

H 

-0.03863 

0.00137 

-0.00013 

V 

0.20178 

0.00656 

0.00656 

Table  4.  Measurements  at  p*=3m  interaction  regions. 


Measurements  were  taken  at  the  experimental  high  p  IR’s 
(3m)  to  explore  the  possibility  of  further  p-squeeze  in 
these  locations,  where  we  do  not  have  non-linear 
correctors.  At  3m  the  effects  are  large,  especially  in  IR2, 
not  surprisingly  since  the  high  field  quality  triplets  were 
installed  in  IR6  and  IRS  (low  p*  IR’s) 


CONCLUSIONS  AND  PLANS  FOR  2004 

The  development  of  the  IR  bump  application  enabled  the 
operational  correction  of  local  IR  sextupole  effects  in  run 
2003,  for  p*=2m  and  p*=l  optics,  and  to  prove  the 
feasibility  of  octupole  correction.  The  plan  for  2004  is  to 
make  the  octupole  correction  operational,  and  to  more 
precisely  correlate,  via  measurements  and  modelling, 
machine  performance  to  the  quality  of  IR  corrections. 
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Abstract  RUN  PREPARATION 


Deuteron  and  gold  beams  have  been  accelerated  to 
a  collision  energy  of  ^/i  =  200  GeV/u  in  the  Rela¬ 
tivistic  Heavy  Ion  Collider  (RHIC),  providing  the  first 
asymmetric-species  collisions  of  this  complex.  Necessary 
changes  for  this  mode  of  operation  include  new  ramp¬ 
ing  software  and  asymmetric  crossing  angle  geometries. 
This  paper  reviews  machine  performance,  problems  en¬ 
countered  and  their  solutions,  and  accomplishments  during 
the  16  weeks  of  ramp-up  and  operations. 

INTRODUCTION 

After  productive  p-p  and  Au-Au  collider  physics  runs  in 
2000-1  with  collision  energies  of  ^/s  =130-200  GeV/u, 
RHIC  experiments  reported  early  high-pt  jet  quenching  re¬ 
sults  [1].  To  compare  Au-Au  results  with  cold  nuclear  mat¬ 
ter  probes,  16  weeks  of  operations  time  were  spent  com¬ 
missioning  and  operating  y/s  =  200  GeV/u  deuteron-gold 
(dAu)  collisions  in  RHIC,  from  late  November  2002  to  late 
March  2003.  This  was  the  first  operation  of  a  asymmetric- 
species  heavy  hadron  collider,  and  an  important  demon¬ 
stration  of  RHIC’s  flexibility  to  probe  hot  and  cold  nuclear 
matter  at  the  200  GeV  energy  scale. 

A  summary  of  machine  performance  goals  and  achieve¬ 
ments  for  this  run  are  listed  in  Tables  1  and  2.  Almost 
all  run  goals  were  either  met  or  exceeded.  The  only  un¬ 
achieved  primary  goal  was  gold  per-bunch  beam  intensity, 
limited  by  injector  and  injection  performance. 


With  limited  run  time,  an  early  consensus  among  exper¬ 
iments  was  reached  to  focus  on  a  single  run  configuration 
with  deuterons  in  the  blue  ring  and  gold  ions  in  the  yel¬ 
low  ring.  This  setup  required  reversal  of  DX  power  sup¬ 
ply  shunts  to  maintain  unipolar  constraints  on  these  power 
supplies  at  injection  and  through  the  acceleration  ramp[2]. 
These  machine  constraints  could  also  only  be  satisfied  by 
including  a  1  mrad  crossing  angle  at  injection  and,  more 
importantly,  a  1  mrad  common  angle  for  head-on  collisions 
at  storage  energy,  as  shown  in  Fig.  1.  Zero-degree  neutron 
calorimeters  (ZDCs),  used  for  luminosity  monitoring,  were 
moved  by  10  mm  in  the  appropriate  direction  to  maintain 
necessary  signal  levels[3].  Power  supply  and  ZDC  work 
required  two  days  of  run-specific  setup  time. 


Figure  1:  dAu  collision  geometries  at  injection  and  store 


Table  1:  RHIC  2002-3  dAu  Run 


Machine  Performance 

goal 

achieved 

Setup/Ramp-up  time  [weeks] 

2/3 

2.5/3 

Storage  energy  [GeV/u] 

100 

100 

Number  of  bunches 

55 

110/55 

^*[m] 

2 

2/3/4 

Diamond  length  a  [cm] 

20 

15 

Peak  luminosity  [x  10^^  cm“^  s“^] 

4.0 

6.2 

(L)  (store)  [x  10^®  cm“^  s“^] 

1.6 

2.8 

(L)(week)  [nb~^/week] 

4.0 

4.6 

*Work  performed  under  Contract  Number  DE-AC02-98CH10886 
under  the  auspicies  of  the  US  Department  of  Energy;  author  email 
satogataQbnl . gov 


Both  Tandems  were  used  and  had  excellent  uptime:  Tan¬ 
dem  MP7  supplied  gold  beam  and  MP6  supplied  deuteron 
beam.  All  injectors  (Tandems,  Booster,  AGS  and  trans¬ 
fer  lines)  were  required  to  “mode-switch”  between  both 
species  for  every  RHIC  fill  with  a  typical  species  change 
time  of  3-5  minutes[4].  Production  injection  always  started 
with  deuterons,  to  minimize  IBS -driven  gold  beam  emit- 
tance  dilution  on  the  injection  porch.  Overall  injector  setup 
time  and  development  were  a  concern  throughout  the  run 
due  to  division  of  effort  between  setup  of  both  species. 

Run  preparation  also  included  demonstrations  by  con¬ 
trols  and  instrumentation  to  gracefully  handle  two  beams  of 
significantly  different  character  and  intensities.  Logging, 
instrumentation,  and  control  systems  easily  demonstrated 
the  flexibility  to  handle  separate  species  in  each  RHIC  ring. 
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Table  2:  RHIC  2002-3  dAu  Stored  Beam  Parameters 


Storage  Parameter 

Au,  Yellow  Ring 
goal  achieved 

d,  Blue  Ring 
goal  achieved 

Intensity/bunch 

Total  Intensity  (55/1 10  bunches) 
Transverse  Emittance  [95%,  7r//rad] 
Bunch  Length  [ns]  (200  MHz  RF) 

1.0x10®  0.7x10® 

55x10®  38/60x10®/ 

10-40  10-30/ 

5  5/ 

0.8x10^^  1.2xlO^V 
45x10^1  57/69x1011/ 

15  12/ 

5  5/ 

RUN  CHRONOLOGY  AND  ISSUES 

At  the  2002  RHIC  Retreat,  a  goal  was  set  of  14  days  of 
set-up  time  (time  to  initial  collisions)  and  21  days  of  ramp- 
up  time  (time  to  develop  collisions  and  lifetime  to  physics 
production)  for  every  new  species  configuration[5].  This 
mn  guidance,  based  on  experience  during  gold  and  polar¬ 
ized  proton  commissioning,  was  reasonably  close,  with  18 
days  from  first  beam  in  the  blue  ring  to  first  collisions.  20 
days  after  first  collisions,  minimum  goals  were  met  for  the 
start  of  dAu  physics. 

As  in  previous  RHIC  Au  runs,  injection  was  performed 
with  /?*=10  m  at  all  interaction  points  (IPs).  The  initial 
acceleration  ramp  also  squeezed  to  /3*=:5  m  at  all  IPs  to 
optimize  optics  for  independent  transition  jumps,  and  then 
squeezed  to  final  collision  optics  in  the  last  half  of  the  ac¬ 
celeration  ramp.  Collision  optics  were  /?*=10  m  at  non- 
experimental  IPs,  and  /3*=2-A  m  at  experimental  IPs,  de¬ 
pending  on  experiment  background  issues.  Beams  were 
vertically  separated  with  ±5  mm  bumps  at  all  IPs  through 
the  acceleration  ramp  to  avoid  all  but  long-range  beam- 
beam  effects. 

Initial  setup  was  injecting  beams  with  equal  rigidities, 
minimizing  transfer  line  mode  switching  requirements  and 
maintaining  species  symmetry  between  both  rings  for  in¬ 
jection  setup.  However,  collisions  required  equal  fre¬ 
quencies  between  the  two  beams,  and  in  this  condition 
modulated  long-range  beam-beam  forces  created  untun- 
able  beam  loss  during  the  acceleration  ramp.  On  Jan  2 


Table  3:  Short  RHIC  2002-3  dAu  Run  Chronology 


11/1 

Start  of  RHIC  cooldown 

12/13 

Both  rings  at  4K 

12/22 

First  ramps  of  d/Au  to  collision  energies 

12/24 

First  d/Au  collisions  at  all  experiments 

12/27 

Start  of  routine  detector  commissioning 

1/2 

Injection:  equal  rigidity  to  equal  frequency 

1/9 

Routine  1 10  bunch  ramping 

1/12 

Start  of  2003  d/Au  Physics  Run 

2/21 

Low-noise  storage  RF  driver 

2/22 

Deuteron  transverse  instability  fixed 

First  production  store  to  hit  goal  levels 

2/26 

Return  to  55  bunch  operations 

Routine  goal  operations 

3/24 

End  of  2003  d/Au  Physics  Run 

Figure  2:  Two  typical  RHIC  FY03  dAu  stores,  showing 
beam  current  (xlO®/^^  Au/p,  total  and  bunched)  and  lu¬ 
minosity  lifetime.  Luminosity  lifetime  was  dominated  by 
gold  beam  lifetime  and  IBS -driven  debunching  and  emit- 
tance  growth.  Time  between  stores  was  about  1  hour. 


we  changed  ramp  conditions  to  equal  frequencies  from  in¬ 
jection  to  collision  (see  Fig.  1),  minimizing  beam-beam 
modulation,  producing  more  efficient  acceleration  ramps, 
and  enabling  study  of  ring-to-ring  RF  locking  during 
acceleration [6].  Ramp  recommissioning  took  less  than  two 
days. 


RUN  PERFORMANCE  DETAILS 

Fig.  3  shows  single-bunch  and  total  beam  intensity  evo¬ 
lution  through  the  course  of  the  mn,  measured  at  the  end 
of  every  acceleration  ramp.  To  meet  performance  goals, 
the  number  of  bunches  in  each  ring  was  doubled  from  55 
to  110  at  the  beginning  of  January.  Though  this  produced 
reasonable  physics,  pressure  rises  created  intolerable  back¬ 
grounds  and  beam  lifetime  issues[7],  and  required  a  return 
to  55  bunch  stores  on  Feb  26.  Single-bunch  intensity  devel¬ 
opment  was  limited  by  RHIC  development  time  and  mode 
switching,  though  deuteron  intensities  were  improved  in 
late  Feb  with  RF  bunch  merging  in  the  Booster[4].  RHIC 
ramp  efficiencies  averaged  95%  after  the  startup  period. 

Fig.  4  shows  the  total  integrated  luminosity  for  the  mn, 
with  final  totals  well  above  the  nfinimum  required  for 
physics.  This  plot  correlates  only  roughly  with  Fig.  3;  on 
Feb  22  an  emittance-diluting  instability  in  the  deuteron  ac¬ 
celeration  ramp  was  diagnosed  and  cured,  improving  emit- 
tance  and  raising  luminosity  by  almost  a  factor  of  two. 
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RHIC  Deuteron-Gold  Run  Date  [2002-2003] 

Figure  3:  RHIC  dAu  run  intensity  evolution,  as  measured 
at  the  end  of  every  acceleration  ramp.  Small  total  intensi¬ 
ties  are  indicative  of  6-bunch  setup  or  beam  study  ramps. 
Error  bars  in  the  top  plot  are  over  all  bunches  in  the  store. 
Unsuccessful  ramps  are  excluded. 


Figure  5:  Blue  transverse  coherence  monitor  readings  for 
ramps  3006  (Feb  16)  and  3070  (Feb  27),  showing  the  ef¬ 
fects  of  chromatic  instability  correction.  The  inset  shows 
details  of  the  near-transition  instability  over  one  second. 

With  injection  kicker  improvements,  this  was  the  first 
RHIC  run  to  demonstrate  routine  1 10-bunch  injection,  part 
of  the  RHIC-II  luminosity  upgrade.  110-bunch  ramping 
sometimes  created  pressure  rise  within  the  PHOBOS IR  re¬ 
gion,  creating  destructive  radiation  for  an  experiment  that 
is  dominated  by  radiation-sensitive  Si  detectors.  Returning 
to  55-bunch  operations  eliminated  these  pressure  rises[7]. 

ACKNOWLEDGEMENTS 

The  authors  thank  Steve  Peggs  and  Phil  Pile  for  produc¬ 
tive  discussions,  and  the  RHiaAGS  operations  staff  for 
successful  physics  operations  of  this  run. 


REFERENCES 


Figure  4:  dAu  run  integrated  luminosity.  PHENIX  inte¬ 
grated  luminosity  averaged  4.6  nb  “  Vweek  near  run  end. 

RUN  HIGHLIGHTS 

A  new  transverse  injection  damper  system  was 
commissioned[9]  early  in  the  run,  successfully  limiting 
emittance  growth  due  to  bunch-by-bunch  injection  varia¬ 
tions.  The  addition  of  720  Hz  digitizers  in  February  also 
added  the  capability  of  coherence  monitoring  to  this  sys¬ 
tem.  Signals  during  production  acceleration  ramps  showed 
a  clear  deuteron  beam  transverse  instability  (see  Fig  5)  near 
transition,  leading  to  large  emittance  dilution  and  back¬ 
grounds.  Using  the  coherence  monitor,  this  instability  was 
avoided  by  careful  chromaticity  adjustments[8]. 

The  RHIC  PLL  tune  system[10]  was  commissioned  to 
routine  use  during  this  run,  and  there  were  several  ramps 
with  successful  tune  feedback  that  constrained  limited  tune 
variations  to  10”^,  though  with  more  beam  loss  than  with¬ 
out  tune  feedback.  Feed-forward  ramp  coupling  coirec- 
tions  were  also  performed  in  both  rings,  using  a  new 
method  for  coupling  correction  based  on  N-tum  maps[l  Ij. 


[1]  P.  Levai  et  al,  “Discovery  of  Jet  Quenching  at  RHIC  and  the 
Opacity  of  the  Produced  Gluon  Plasma”,  NucI.Phys.  A698 
(2002) 631-634. 

[2]  J.  van  Zeijts  et  al,  “Ramp  Design  and  Implementation  for  the 
RHIC  d/Au  Run”,  TPPB048,  these  proceedings  (May  2003). 

[3]  A.  Drees  et  al,  “Luminosity  Monitoring  at  RHIC  with  Vari¬ 
ous  Species”,  TPPB031,  these  proceedings  (May  2003). 

[4]  L.  Ahrens  et  al ,  “RHIC  Injector  Configurations  for  the  RHIC 
d/Au  Run”,  TPPB047,  these  proceedings  (May  2003). 

[5]  http : //WWW . c-ad .bnl . gov/RHIC/rGtreat2002/ 

[6]  J.M.  Brennan  et  al,  “Operation  of  the  RHIC  RF  System”, 
ROAA006,  these  proceedings  (May  2003). 

[7]  S.Y.  Zhang  et  al,  “RHIC  Pressure  Rise  and  Electron  Cloud”, 
MOPAOlO,  these  proceedings  (May  2003). 

[8]  M.  Blaskiewicz  et  al,  “Transverse  Instabilities  in  RHIC”, 
RPPB007,  these  proceedings  (May  2003). 

[9]  A.  Drees  et  al,  “RHIC  Transverse  Injection  Damping”, 
WPPG044,  these  proceedings  (May  2003). 

{10]  P.  Cameron  et  al,  “RHIC  Third  Generation  PLL  Tune  Sys¬ 
tem”,  ROAB009,  these  proceedings  (May  2003). 

[11]  W.  Fischer  et  al,  “Linear  Coupling  Correction  from  N-Thm 
Maps”,  WPAB078,  these  proceedings  (May  2003). 


1708 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


CONCEPT  DESIGN  OF  THE  TARGET/HORN  SYSTEM  FOR  THE  BNL 
NEUTRINO  OSCILLATION  EXPERIMENT* 

N.  Siinos^*,  H.  Kirk“,  S.  Kahn",  A.  Carrol",  H.  Ludewig",  W.  T.  Weng",  M.  Diwan",  D.  Raparia" 

K.  McDonald'’,  G.  Evangelakis" 

^Brookhaven  National  Laboratory,  Upton,  NY  1 1973,  USA 
^Princeton  University,  Princeton,  NJ  08544,  USA 
^University  of  loannina,  Greece 


Abstract 

The  design  concept  for  the  integration  of  the  target 
and  the  focusing  horn  system  for  the  proposed  BNL 
neutrino  oscillation  experiment  is  described  in  this  paper. 
Also  presented  are  issues  associated  with  the  functionality 
and  thermo-mechanical  response  of  the  selected  target 
intercepting  the  28  GeV  protons  of  the  1  MW  upgraded 
AGS  beam,  the  loading  and  mechanical  response  of  the 
focusing  horn  subjected  to  high  currents  and  energy 
deposited  due  to  beam/target  interaction,  the  integration 
of  the  two  systems,  and  the  heat  removal  schemes.  The 
proposed  target  intercepts  the  8.9x10^^,  28  GeV  protons 
with  a  2.5  Hz  cycle  time  over  a  spot  that  encloses  the  3a 
of  the  beam.  In  the  baseline  design  the  inner  conductor  of 
the  aluminum  horn  encloses  the  target  while  allowing  for 
an  annular  space  for  forced  cooling.  Approximately  250 
kA  pulse  of  current  of  20ps  duration  will  flow  through  the 
horn  at  2.5  Hz  repetition  rate  inducing  high  compressive 
forces,  vibration  and  heat.  The  paper  addresses  these 
issues  of  horn  mechanical  response,  heat  removal 
scenario,  and  useful  life  estimation  including  radiation 
damage. 

1  INTRODUCTION 

To  achieve  the  1  MW  beam  power  for  the  proton 
driver  at  BNL  serious  consideration  must  be  given  to  both 
the  selection  of  target  material  and  the  horn  configuration. 
Assessment  studies  indicate  that  a  solid  target  is  a  viable 
option  for  the  proposed  1  MW  beam.  As  a  result,  low- 
and  high-Z  materials  have  been  investigated  both  in  terms 
of  material  endurance  as  well  as  feasibility  of  the 
target/hom  configuration.  A  carbon-carbon  composite, 
formed  by  a  special  weaving  of  carbon  fibers,  has  been 
selected  as  the  target  baseline.  Specifically,  this  carbon- 
carbon  composite  exhibits  very  low  thermal  expansion 
between  room  temperature  and  approximately  1000°C. 
Such  property  leads  to  small  generated  thermo¬ 
mechanical  stresses  due  to  beam-target  interaction  and 
will  extend  the  useful  life  of  the  target.  Experiments 
performed  on  this  target  material  as  well  as  other  common 
graphite-based  targets  verified  the  advantage  of  the 
carbon-carbon  composite  in  the  way  it  responds  to  short- 
duration  proton  ^am  pulses.  Long-term  irradiation 
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effects  on  the  properties  of  this  carbon  composite,  such  as 
thermal  expansion,  thermal  conductivity,  strength,  etc,, 
are  to  be  experimentally  assessed.  The  pion-focusing 
horn  is  to  be  made  out  of  an  aluminum-based  material. 
Candidate  materials  are  the  3000-series  and  6061-T6 
aluminum. 

Parameters  controlling  the  horn  material  selection  are 
the  low  resistivity,  the  high  strength  and  the  resistance  to 
corrosion  and  micro-cracking.  The  pulsed  nature  of  the 
machine,  combined  with  irradiation  effects  that  lead  to 
material  embrittlement,  can  potentially  limit  the  useful 
life  of  the  focusing  horn  if  micro-cracking  is  allowed  to 
develop.  In  order  to  enhance  the  corrosion  resistance  of 
the  horn  conductor,  especially  the  surfaces  exposed  to 
water  used  for  heat  removal,  special  surface  treatments  in 
the  form  of  nano-structured  films  are  being  explored. 

2  INTEGRATED  SYSTEM 

Figure  1  is  a  conceptual  description  of  the  target  and 
horn  integrated  system  being  considered  for  this 
experiment.  The  12mm  diameter,  80cm  long  carbon- 
carbon  composite  target  considered  in  this  study  is  fully 
inserted  into  the  inner  horn  conductor  while  allowing  for 
a  1mm  annular  gap  between  the  target  and  inner  horn 
surface  for  forced  coolant  flow.  Shown  in  the  front  of  the 
target  is  a  beam  “collimator”  or  baffle  that  has  a  dual  role. 
Specifically,  it  provides  the  upstream  target  support  and 
accommodates  the  special  channels  that  provide  coolant 
into  the  annular  space.  It  also  plays  the  role  of  beam 
diffuser  in  the  event  the  proton  beam  strays  off  the  beam 
axis.  In  addition  to  the  above  two  functions,  the  front  end 
of  the  target  will  be  maintained  at  a  low  temperature 
which  will  help  in  removing  heat  deposited  on  the  target 
by  conducting  into  the  mass  of  the  baffle.  At  the 
downstream  end  of  the  target  a  special  fin-like  end 
support  allows  the  forced  coolant  to  leave  the  annular 
space.  The  horn,  made  out  of  an  aluminum  alloy,  has  a 
chameter  in  its  narrowest  section  of  1 .4cm  and  a  thickness 
over  that  section  of  2.5mm.  The  thickness  of  the  inner 
horn  conductor  reduces  to  1mm  downstream  of  the 
neck-down  section  where  the  captured  pions  pass  through 
on  their  way  to  the  decay  pipe.  The  overall  hom  length  is 
217  cm. 
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The  baseline  design  requires  a  250  kA  peak  current 
with  a  repetition  rate  of  2.5  Hz.  One  of  the  options  being 
considered  assumes  a  20fis  half-sine  current  pulse. 
Results  of  horn  response  with  such  current  pulse  structure 
are  presented  in  this  paper.  Under  such  short  current  pulse 
most  of  the  flowing  current  will  be  within  one  skin  depth 
of  the  conductor.  The  magnetic  pressures  and  joule 
heating  generated  in  the  conductor  control  the  mechanical 
design  of  the  horn.  While  heat  generated  in  the  narrowest 
section  of  the  horn  by  both  current  and  secondary 
particles  is  partly  removed  by  the  fluid  flowing  in  the 
annular  space,  the  balance  will  be  removed  by  the 
spraying  of  coolant  through  a  set  of  optimally  positioned 
jets  against  the  current-side  of  the  inner  conductor.  Two 
coolant  options  are  being  considered,  namely,  the 
spraying  of  water  and  of  cold  helium.  The  schematic  of 
Figure  1  depicts  the  water-cooling  option. 


I_eut 


Figure  1:  Hom/Target  Configuration 

Also  under  consideration  is  a  dovmstream  thin 
window  whose  role  is  to  hold  the  target  coolant  in  a 
closed  system.  The  coolant  is  thus  collected,  cooled  and 
returned  to  the  target  upstream  to  be  re-ejected  into  the 
annular  space.  The  key  issue  with  such  window  is  the  fact 
that  it  will  see  a  significant  portion  of  the  incoming  beam 
power  and  will  be  subjected  to  high  thermo-mechanical 
stress  conditions.  Further,  the  presence  of  additional 
material  in  the  flight  path  of  pions  generated  and  focused 
by  the  horn  represents  an  additional  impediment. 
However,  since  the  only  role  of  such  window  is  to  prevent 
the  coolant  from  escaping  from  the  closed  envelope,  a 
low-Z  material  (for  minimal  interaction  with  secondary 
particles  or  heat  generation  from  intercepting  the  beam 
protons)  such  as  carbon-carbon  composite  can  provide  the 
required  boundary. 

2  A  Energy  Deposition  and  Heat  Removal 

Energy  generated  in  the  target/hom  system  is  due  to 
the  target/proton  interaction  and  the  current  flowing  in  the 
hom.  Energy  is  also  deposited  in  the  horn  from  secondary 
particles  generated  in  the  target.  Different  mechanisms, 


namely  heat  convection,  conduction  and  radiation  heat 
exchange  between  target  and  hom  are  responsible  in 
removing  the  deposited  heat.  The  heat  balance  of  the 
overall  system,  as  it  reaches  an  operating  temperature,  is 
addressed  by  utilizing  a  sophisticated  finite  element 
analysis. 

Target  Heat  Deposition 

Energy  depositions  for  two  different  beam  spots  on 
two  target  diameters  have  been  estimated  using  hadron 
interaction  codes.  Specifically,  1mm  and  2mm  rms  proton 
beams  are  interacting  with  6mm  and  12mm  diameter 
targets  respectively  effectively  capturing  3a  of  the  beam. 
8.9x10^^  28  GeV  protons  are  delivered  on  target  with  a 
2.5  Hz  cycle  time.  The  integrated  energy  deposited  on 
carbon-carbon  target  per  8.9x10^^  protons  is  5.1  kJ  and 
7.3  kJ  respectively  resulting  in  temperature  rises  of  1000 
and  280  °C  in  the  target.  Wliile  the  1mm  beam 
deposits  less  energy,  thus  easing  the  heat  removal 
capacity  required,  the  temperature  rise  is  high  making  the 
2mm  beam  more  preferable. 

Hom  Joule  Heating 

For  a  20|is  half-sine  current  pulse  (effective  frequency 
of  0.025  MHz)  the  current  is  expected  to  flow  over  a  skin 
depth  of  the  inner  surface  of  the  inner  conductor.  The  skin 
depth  6  for  a  hom  made  out  of  3000-series  aluminum,  for 
example,  with  resistivity  p  =  4.2  mohm-cm,  is  calculated 
based  on  the  following  relations: 

<5- (6.61//^)  ;  /=  0.025  MHz 

ki  =  [p/Jo J  ;  pc  =  1  -724  mhoms-cm 

leading  to  a  skin  depth  of  5ai=  0.06525  cm. 

In  the  narrow  section  of  the  inner  conductor  which 
surrounds  the  target  and  is  subject  to  peak  joule  heating, 
the  heat  generated  per  unit  length  is  derived  from 

20/£s 

•IHpuise-cm  ~  j*  i*  P  dA  dt  =3.88  Joules 

0  A 

where  J(z,t)  =  J(z)  ^\n{Kt/20ps\  J(z)  =  e"^^  and  Jo  =  689 

kA/cm^  is  the  current  density  at  the  conductor  surface. 
The  peak  temperature  rise  in  the  hom,  induced  by  joule 
heating  alone  is  estimated  to  be  AT=7,4°C. 

Secondary  Particle  Heating 

Based  on  the  simulation  results  of  different  hadron 
interaction  codes,  a  significant  amount  of  heat  is 
deposited  on  the  hom  from  secondary  particles  produced 
in  the  target.  The  heat  deposited  in  the  inner  conductor  of 
the  hom  is  estimated  to  be  ~  8.4  kW. 

Heat  Removal  Scheme 

The  deposited  heat  in  both  the  target  and  hom  is 
removed  by  forced  flow.  In  this  study  the  target  and  the 
hom  have  been  decoupled.  Specifically,  forced  helium  is 
used  in  the  1mm  annular  space  between  the  target  and 
hom  to  remove  the  heat  from  the  target  which  amounts  to 
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18.25  kW  for  the  2mm  rms  beam.  Forced  convection  heat 
transfer  calculations  were  performed  to  assess  the 
required  convection  capacity  for  removing  the  heat  from 
the  target.  To  maintain  the  base  temperature  of  the 
carbon-carbon  composite  target  in  a  safe  regime,  a  value 
of  840°C  was  assumed  with  a  beam  induced  AT-280  °C. 


k: 
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_ 

aal _ 1 _ 
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Figure  2:  Transient  temperatures  in  the  horn  conductor 


Figure  3:  Transient  temperatures  in  the  C-C  target 

The  inlet  temperature  of  the  helium  in  the  annulus  is 
assumed  to  be  5°C.  In  the  integrated  system  the  target 
exchanges  heat  with  the  inner  conductor  of  the  horn 
through  radiation  which,  based  on  an  allowable  surface 
temperafrire  of  the  horn  of  90°C  (the  goal  is  to  maintain 
the  aluminum  temperature  below  100°C  whenever  it  is  in 
contact  with  water),  amounts  to  ~  1.36  kW.  Heat  from  the 
target  is  also  being  removed  through  conduction  to  the 
baffle  block  upstream  of  the  target  that  is  maintained  at  a 
low  temperature.  It  is  estimated  that  helium  with  a  bulk 
velocity  of  ~40m/s  is  required  to  remove  the  deposited 
heat  from  the  target. 

The  heat  deposited  on  the  horn  (current,  secondary 
particles  and  radiation  exchange)  is  being  partially 
removed  by  the  helium  in  the  annulus  and  mainly  by 
coolant  spraying  on  the  surface  of  the  horn  where  current 
flows.  W^ile  re-circulating  water  is  the  baseline  choice, 
the  option  of  forcing  cold  helium  is  being  also  explored. 
Preliminary  heat  transfer  calculations  show  that  there  is 
significant  margin  of  heat  removal  capacity  using  water 
and  just  enough  capacity  using  helium.  The  use  of  helium 
will  reduce  corrosion  issues  of  the  horn  conductor  and 
extend  its  useful  life.  Using  detailed  finite  element 
analysis  [3]  incorporating  the  entire  heat  transfer  scheme 
and  the  transient  nature  of  the  two  inputs  (protons  and 
current)  the  “steady-state”  temperatures  in  the  target  and 
horn  were  calculated  and  shown  in  Figures  2  and  3. 


2.2  The  Thermal  Stress  Problem 

The  rapid  temperature  rises  induced  by  the 
beam/target  interaction  and  the  intensity  of  the  proton 
beam  pulse  will  induce  very  high  thermal  stresses  in  solid 
targets.  The  carbon-carbon  composite  was  selected  for  its 
low  thermal  expansion  that  in  turn  leads  to  low  thermal 
shock  stresses.  Figure  4  depicts  the  von  Mises  stresses 
generated  in  the  target  and  their  attenuation  between 
pulses.  The  calculated  stresses  are  within  the  mechanical 
strength  of  the  material.  Figure  5  is  a  comparison  of  the 
response  of  an  ATJ  graphite  and  a  carbon-carbon 
composite  target  to  the  same  proton  beam  intensity 
obtained  experimentally.  The  results  clearly  show 
significant  stress  reduction.  Preliminary  stress 
calculations  for  the  horn  due  to  current  and  secondary 
particle  heating  pulses  as  well  as  magnetic  pressures 
indicate  that  the  horn  can  operate  safely  under  the 
required  parameters. 


Figure  4:  Beam-induced  von  Mises  stresses  on  target 


Figure  5:  Experimental  strains  (CC  vs.  ATJ  graphite) 


23  Radiation  Damage  and  Surface  Treatment 

High  levels  of  irradiation  along  with  thermal  fatigue 
and  potential  corrosion  are  anticipated  when  operating  a  1 
MW  system.  The  effects  of  long-term  irradiation  on  the 
key  properties  of  the  target  material,  such  as  thermal 
expansion  and  conductivity,  are  not  yet  known  and  will 
be  assessed  through  irradiation  studies.  In  addition, 
innovative  surface  treatments  for  the  horn  material,  such 
as  nano-structured  films  and  plating,  are  being  explored  to 
help  extend  the  useful  life  of  the  component. 
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Abstract 

An  increase  in  RHIC  collision  luminosity  is  possible  by 
reducing  the  beam  size  at  the  interaction  point  (IP).  We 
present  a  method  for  reducing  the  IP  beta  function,  (3^, 
from  the  design  minimum  of  Im  to  0.5m.  We  demonstrate 
that  this  /?*=0.5m  configuration  is  achievable  with  exist¬ 
ing  RHIC  power  supplies  for  lOOGeY  protons.  We  discuss 
the  correction  of  the  higher  order  IR  multi-poles  and  the 
second  order  chromaticity. 


INTRODUCTION 


Figure  1:  The  final  penalty  function  vs  fS* 


RHIC  consists  two  rings,  each  ring  has  6  interaction  re¬ 
gions  (IRs).  At  the  center  of  each  IR  is  the  IP,  where  col¬ 
lisions  can  occur.  Each  IR  consists  of  9  quadrupoles  on 
each  side  of  the  IP  organized  anti-symmetrically.  These 
quadrupoles  can  be  further  subdivided  into  a  dispersion 
suppressor  and  telescope.  Our  goal  is  to  reduce  the  beam 
size  at  the  IP.  This  is  achieved  by  reducing  the  beta  function 
and  dispersion  at  the  IP.  A  schematic  is  shown  in  Fig.  4.  In 
the  next  section,  we  discuss  the  /?*  squeeze. 
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We  will  find  the  quadrupole  strengths  shown  in  Fig.  4 
to  produce  a  lattice  with  a  given  (3*  at  the  IP.  With  this 
design  we  have  12  parameters  to  vary.  The  procedure  used 
requires  meeting  these  14  constraints: 


Figure  2:  The  shunt  and  trim  supplies  for  the  RHIC  inser¬ 
tion  as  a  function  of  /?*.  Note,  IQT4  =  IQT4I  =  IQT40  = 
-IQT5I  =  -IQT50  and  IQ456  is  fixed  to  a  function  of  0*. 


•  0i=  0y  =  0*  (2  constraints). 

•  T]*  =  0  and  a*  =  a*  =  0  (3  constraints), 

•  /^maxx  —  07naxy  in  the  triplets  (1  constraint). 

•  Matching  the  Insertion  to  the  arcs  (6  constraints). 

•  Getting  the  correct  tunes  (2  constraints). 

Using  the  MAD  program  [1],  the  optics  were  fit  from 
0*  —  Im  to  0*  —  0.5m.  Additionally,  the  strengths  for  the 
quadrupoles  are  calculated  from  the  power  supply  currents 
by  using  a  5th  order  polynomial  fit  to  the  measured  transfer 
function  (averaged  over  all  quadrupoles  of  the  same  type). 
Fig.  1  gives  the  resulting  penalty  function.  Fig.  2  gives  the 
final  power  supply  currents  for  100(?eY  protons.  This  is 
after  some  additional  smoothing  with  the  ends  fixed.  Fig.  3 
shows  the  beta  function  plot  for  a  RHIC  insertion  at  0*  — 
0.5m. 

Shunt  and  Trim  Supplies 

Each  half  of  the  insertion  is  controlled  by  3  trim  power 
supplies  for  the  trim  quadrupoles  next  to  Q4,  Q5  and  Q6. 

•  Woiic  performed  under  Contract  Number  DE-AC02-98CH 10886  with 
the  auspices  of  the  US  Department  of  Energy 


Furthermore,  the  inner  and  outer  trim  supplies  can  be  in¬ 
dependently  controlled.  On  the  QF  main  bus  there  are  5 
shunt  supplies  for  the  main  quadrupoles  from  Q1  through 
Q7.  The  QD  bus  has  two  shunt  supplies  per  half  insertion 
for  controlling  QFA(B)  and  the  QDA  quadrupoles.  One  is 
common  between  inner  and  outer,  while  two  others  can  be 
independently  controlled.  The  following  tables  gives  the 
limits  on  these  power  supplies: 

A  comparison  of  the  required  currents  given  in  Fig.  2 


Figure  3:  The  RHIC  insertion  optics  with  0*  =  0.5m. 


0-7803-773  8-9/03/$!  7.00  ©  2003  IEEE 
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Figure  4:  A  schematic  for  half  of  the  RHIC  insertion.  The  quadmpoles  Q4,  Q5  and  Q6  have  associated  trim  quadrupoles, 
Q4  and  Q5  trims  are  set  to  the  same,  but  opposite  strengths.  Antisymmetry  is  broken  for  the  trim  quadrupole  at  Q6  and 
the  quadrupoles  at  QFA(B).  This  leads  to  12  adjustable  parameters  (including  QF  and  QD). 


Table  1:  Shunt  and  Trim  power  supplies 


Supply 

Minimum  [Amps] 

Maximum  [Amps] 

Trim 

-150 

150 

IQFA(B) 

1 

200 

IQDA 

-300 

300 

IQ7 

1 

600 

1(5456 

1 

450 

IQ3 

1 

300 

IQ2 

-150 

150 

IQl 

1 

200 

with  the  power  supply  limits  given  in  Table  1  shows  that 
the  required  currents  are  within  the  power  supply  limits. 

Matching  to  Existing  Squeeze 

RHIC  squeezes  from  l3*  of  10m  to  Im  with  an  existing 
solution.  A  lot  of  effort  went  into  optimizing  the  tunes, 
chromaticity,  orbit,  coupling,  etc.  with  this  squeeze.  A 
smooth  transition  in  the  power  supply  currents  from  the 
new  squeeze  of  Im  to  0.5m  to  the  existing  squeeze  is  re¬ 
quired.  To  create  a  ramp  with  a  (3*  squeeze,  a  function 
P*  (time [sec])  must  be  carefully  chosen  so  that  the  changes 
to  the  power  supply  currents  remain  smooth  throughout 
the  squeeze.  This  is  accomplished  with  the  quadrupole 
strength  values  K{p*)  (see  Fig.  5)  for  each  quadrupole, 
along  with  the  values  of  dK{p*)/dP*,  Furthermore,  some 
smoothing  may  be  necessary  to  achieve  the  final  goal.  Fi¬ 
nally,  modeling  from  MAD  does  not  necessarily  agree  with 
the  machine  model  due  to  differences  in  the  MAD  descrip¬ 
tion  and  the  real  machine.  One  example:  all  focusing 
quadrupoles  do  not  have  the  same  strength  even  when  con¬ 
nected  to  the  same  current  bus  due  to  differences  in  the 
integrated  strengths  of  these  magnets. 

NONLINEAR  CORRECTION 

The  large  Pmax  =  2.66Arm  in  the  triplets  leads  to  some 
undesirable  effects  that  must  be  corrected.  Additionally, 
if  the  beams  95%  normalized  emittance  is  207rmm-mrad, 
the  triplet’s  beam  size  is  a  =  9mm  for  lOOGeV’  protons. 
Since  the  triplet  aperture  is  56.5mm,  this  is  quite  tight.  Fur¬ 


P‘  [m] 


Figure  5:  The  gradient  strengths  for  protons  at  lOOGey  vs. 

r. 

thermore,  the  dispersion  in  the  triplets  is  ±2m,  which  is  af¬ 
fected  by  the  momentum  spread.  This  creates  aperture  con¬ 
straints  in  the  triplets,  high  order  chromatic  effects,  triplet 
multi-pole  problems,  etc.  We  start  with  the  multi-poles  ef¬ 
fects  and  correction. 

IR  Multi-Pole  Correction 

In  two  of  the  IR’s,  we  have  high  order  correctors  to  im¬ 
prove  dynamic  aperture  for  the  low  p*  insertions.  There  is 
an  operational  tool  [2]  to  measure  the  effect  of  the  triplet 
multi-poles  on  the  tune  spread  and  calculate  the  corre¬ 
sponding  corrector  strengths.  An  orbit  bump  is  applied 
through  the  triplets  and  the  tune  variations  is  measured  with 
the  PLL  tune-meter  [3].  We  obtain  a  data  set  of  the  tune 
versus  orbit  bump  amplitude.  This  data  is  then  fit  to  poly¬ 
nomial.  From  the  polynomial  coefficients,  the  multi-pole 
correction  strengths  can  be  determined.  Furthermore,  the 
bump  can  be  horizontal  or  vertical  so  that  the  skew  multi¬ 
poles  can  be  corrected  as  well.  Next  we  discuss  chromatic 
effects. 

Nonlinear  Chromatic  Correction 

Besides  transverse  effects  there  are  longitudinal  effects 
as  well.  A  beam  with  a  momentum  spread  produces  a 
tune  spread  from  chromatic  effects.  The  most  significant 
contribution  to  chromatic  effects  are  the  triplets  in  RHIC. 
The  large  exasperates  the  problem.  Using  the  MAD 
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Figure  6:  The  RHIC  optics  parameters.  The  Star  insertion  is  set  to  0*  =  Im,  Phenix  has  0*  =  0.5m,  Phobos  and  Brahms 
are  at  /?*  =  3m  and  the  remaining  insertions  have  /?*  —  10m 


model  with  the  design  optics  Fig.  6,  the  amplitude  and 
chromatic  terms  can  be  calculated  as: 

=  i^xo  -  644ea,  -  1753€y  +  2S~  623(5^  -  211100^^ 

—  ^xo  1753€x  +  390€y  +  2S  H-  17276^  -h  80400^^ 

Both  the  second  and  third  order  terms  become  significant 
when  Ap/p  0.003  in  the  horizontal  plane  and  the  sec¬ 
ond  order  term  becomes  significant  when  Ap/p  0.001 
Compare  this  with  the  chromatic  terms  if  we  set  the  Phenix 
insertion  to  j3*  —  Im  (this  is  the  current  optics  in  RHIC  for 
the  Run  2003  polarized  proton  operation)  instead: 

i/x  =  Uxq  4476x  —  1203€y  +  2S  +  209(5^  —  134000(5^ 

=  ^xo  -  1203€x  +  269ey  +  2^  -f  977 -  31500J^ 

A  preliminary  measurement  of  the  second  order  chromatic- 
ity  has  produced  numbers  similar  in  magnitude  to  those 
above.  A  more  detailed  analysis  of  these  results  needs  to 
be  done. 

The  second  order  chromaticity  can  be  corrected  in  RHIC 
by  either  using  four  families  of  sextupoles  [4]  or  using  four 
families  of  octupoles  which  are  organized  as  two  families 
in  high  dispersion  regions  and  two  families  in  low  disper¬ 
sion  regions.  The  two  families  in  the  high  dispersion  re¬ 
gions  correct  the  second  order  chromaticity  while  the  two 
families  in  the  low  dispersion  region  are  used  to  correct 
the  tune  spread  from  the  first  two  families.  Since,  the  oc¬ 
tupoles  are  wired  in  this  fashion,  we  would  correct  second 
order  chromaticity  by  this  method. 


SUMMARY 

We  presented  a  design  for  the  RHIC  insertion  that 
achieves  a  /?*  =  0.5m  at  the  IP.  This  design  works  with  the 
existing  power  supplies  for  protons  at  lOOGeY.  We  dis¬ 
cuss  how  to  implement  this  solution  with  the  existing  /?* 
squeeze  ramp.  Furthermore,  correction  of  the  triplet  mul¬ 
tipoles  and  second  order  chromaticity  is  discussed  as  well. 
Further  studies  for  dynamic  aperture  should  be  done  due 
to  the  tight  space  available  in  the  triplets.  We  plan  to  have 
beam  studies  with  this  insertion  in  the  future. 
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Abstract 

The  RHIC  2003  Physics  Run  [1]  required  collisions  be¬ 
tween  gold  ions  and  deuterons.  The  injector  necessarily 
had  to  deliver  adequate  quality  (transverse  and  longitudinal 
emittance)  and  quantity  of  both  species.  For  gold  this  was 
a  continuing  evolution  from  past  work  [2].  For  deuterons  it 
was  new  territory.  For  the  filling  of  the  RHIC  the  injector 
not  only  had  to  deliver  quality  beams  but  also  had  to  switch 
between  these  species  quickly.  This  paper  details  the  col¬ 
lider  requirements  and  our  success  in  meeting  these.  Some 
details  of  the  configurations  employed  are  given. 


INTRODUCTION 

The  RHIC  injector  complex,  shown  schematically  in 
Figure  1,  comprises  two  Tandem  Van  de  Graaffs  (MP6  and 
MP7)  [3],  the  Tandem-to-Booster  (TTB)  transfer  line,  the 
Booster  synchrotron,  the  Booster-to-AGS  (BTA)  transfer 
line,  the  AGS  synchrotron,  and  the  AGS-to-RHIC  (ATR) 
transfer  line.  This  paper  will  describe  how  these  pieces 
were  configured  for  the  2003  RHIC  Au-d  physics  run.  The 
performance  goals  for  the  run  were  defined  during  the  win¬ 
ter  of  2002  in  order  for  the  RHIC  experiments  to  optimize 
their  configurations.  For  the  gold  beam,  goal  specification 

*  Work  supported  by  the  U.S.  Department  of  Energy  under  contract 
number  DE-AC02-98CH10866. 
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was  a  simple  extension  from  the  past  several  RHIC  runs. 
For  deuterons,  expectations  again  derived  largely  from  ex¬ 
perience  with  gold  and  protons  but  necessarily  required  as¬ 
sumptions  about  this  new  beam  species  coming  from  the 
Tandem.  The  goals  worked  out  required  that  the  injector 
complex  provide  gold  bunches  of  1  x  10^  ions,  deuteron 
bunches  of  8  x  10^°  ions,  transverse  emittances  of  about 
IStt  mm  mradians  in  both  planes  and  for  both  beams,  and 
longitudinal  emittances  consistent  with  allowing  rebucket¬ 
ing  into  the  RHIC  200  MHz  RF  system  [4]  at  store. 

GOLD  ACCELERATION 

The  goals  for  gold  were  to  be  back  where  we  had  ended 
the  previous  run.  The  essential  acceleration  strategy  did  not 
change  from  that  of  the  2001  Au  run  [2].  Historically  the 
intensity,  and  particularly  the  efficiency  for  the  multitum 
injection  and  early  acceleration  in  the  Booster,  improves 
slowly  over  the  months  of  the  run.  To  the  extent  that  this 
improvement  is  a  result  of  the  Booster  beam  tube  surfaces 
being  slowly  “scrubbed”  clean  by  gold  beam  particles  that 
end  up  outside  the  machine  acceptance  at  injection  and  dur¬ 
ing  RF  capture,  such  improvement  could  suffer  from  time 
spent  learning  to  optimize  the  deuteron  acceleration.  In  ad¬ 
dition  for  this  run  there  would  not  be  a  ”back-up”  Tandem 
set  up  for  gold;  the  second  Tandem  (MP6)  would  be  for 
deuterons.  The  possibility  of  switching  to  the  other  Tan¬ 
dem  to  e.g.  replenish  the  essential  and  short-lived  strip¬ 
ping  foils  in  the  terminal  would  be  more  costly  to  the  run. 
Foil  consumption  rates  were  an  issue.  These  concerns  were 
qualitatively  correct,  but  managed  to  stay  off  the  run  “crit¬ 
ical  path”. 

The  gold  acceleration  strategy  [2]  involves  accelerating 
on  RF  harmonic  h  =  6m  the  Booster,  boxcar  transferring 
four  Booster  loads  into  an  AGS  whose  RF  runs  ath  =  24, 
debunching  this  beam  at  the  AGS  injection  energy  and  re¬ 
bunching  into  four  bunches  (in  an  /i  =  12  RF  structure) 
and  accelerating  to  RHIC  injection  energy.  Transfer  into 
RHIC  through  the  ATR  line  is  done  one  bunch  at  a  time. 
The  longitudinal  emittance  demands  from  RHIC  constrain 
this  dance.  In  particular  an  additional  merge  to  double  the 
intensity  per  bunch  but  also  the  longitudinal  emittance  is 
ruled  out.  As  in  the  past,  achieving  the  1  x  10^  gold  ions 
per  bunch  RHIC  goal  was  possible  but  difficult,  and  not 
routine.  Gne  evolution  during  this  run  relevant  here  in¬ 
volved  the  stripping  foil  between  Booster  and  AGS  which 
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takes  to  The  standard  23  mg/cm^  carbon 

foil  was  replaced  for  two  weeks  of  the  run  by  a  23  mg/cm  ^ 
fused  silica  foil.  The  silica  foil,  because  of  its  better  uni¬ 
formity  produced  a  beam  with  a  longitudinal  emittance  less 
than  half  that  obtained  from  the  carbon  foil.  The  average 
energy  loss  from  both  foil  passages  were  by  design  very 
comparable;  the  percentage  of  the  beam  ending  in  the  77+ 
charge  state  was  empirically  found  to  be  about  10%  lower 
for  the  Silica.  This  intensity  cost  was  too  much  for  this 
run  when  the  intensity  crunch  came,  but  the  result  opens 
up  serious  planning  for  an  additional  merge  in  the  future. 

DEUTERON  PRODUCTION  AND 
ACCELERATION 

Production  and  acceleration  of  deuterons  generated 
many  new  challenges,  and  the  beam  performance  provided 
feedback  to  correct  the  flaws  in  our  initial  assumptions. 
The  setup  evolved  rapidly  throughout  the  run.  The  intensity 
design  was  based  on  having  a  100  fiA  deuteron  beam  avail¬ 
able  coming  into  the  Booster.  The  multitum  injection  pro¬ 
cess  was  expected  (from  gold  experience)  to  allow  at  most 
45  turns  to  be  accumulated,  and  with  50%  overall  efficiency 
explains  the  intensity  goal.  First  the  radiation  issues  asso¬ 
ciated  with  accelerating  this  proton  and  its  loosely  bound 
neutron  in  the  relatively  lightly  shielded  Tandem  and  TTB 
lines  had  to  be  dealt  with.  The  “Access  Control”  system  for 
the  Tandem  and  beam  line  was  upgraded.  Shielding  was 
added  where  necessary.  A  fail-safe  system  to  limit  beam 
intensity  was  installed.  Because  the  potential  amount  of 
prompt  radiation  from  scraping  the  beam  increases  rapidly 
with  beam  kinetic  energy,  a  maximum  (intensity)  x  (ki¬ 
netic  energy)  constraint  follows  from  this. 

Several  other  factors  come  in  to  determining  the  optimal 
energy  for  the  TTB  transfer,  and  indeed  two  solutions  were 
worked  through.  The  first  began  with  deuterons  from  Tan¬ 
dem  at  a  kinetic  energy  of  6  MeV  per  nucleon.  These  were 
transported  to  Booster,  injected,  adiabatically  captured  at 
RF  harmonic  /i  =  6,  and  accelerated  to  the  maximum  fre¬ 
quency  of  the  RF  system  as  is  done  in  the  canonical  gold 
setup.  However,  the  magnetic  rigidity  of  the  deuteron  beam 
at  the  top  frequency  is  only  3.7  Tm  compared  to  9.2  Tm  for 
gold  (Au^^"*")  which  means  that  the  current  required  in  the 
Booster  extraction  septum  magnet  is  less  than  half  that  re¬ 
quired  for  gold.  Since  the  power  supply  does  not  regulate 
well  at  this  reduced  current,  one  is  forced  to  operate  at  a 
higher  current  with  beam  extracted  on  the  rising  portion  of 
the  half-sine  wave  output  of  the  supply.  This  makes  the 
trajectory  of  the  extracted  beam  sensitive  to  timing  jitter  of 
the  power  supply  pulse.  (The  pulse  was  not  RF  locked.) 

The  jitter  problem  was  eventually  resolved,  but  in  the 
mean  time  another  scheme  was  worked  out.  The  RF  sys¬ 
tem  has  enough  range  to  capture  and  accelerate  the  6  MeV 
per  nucleon  deuterons  on  harmonic  =  3  which  allows 
for  acceleration  to  a  much  higher  magnetic  rigidity  (7.3 
Tm).  Although  this  eliminates  the  problem  of  operating 
the  extraction  power  supply  at  low  current,  another  prob¬ 


lem  arises  at  AGS  injection.  Here  the  injection  kicker  mag¬ 
net  has  two  modes  of  operation,  a  “long  pulse”  mode  and 
a  “short  pulse”  mode,  which  deliver  pulse  widths  of  1400 
and  500  ns  respectively.  For  the  =  6  setup,  the  required 
pulse  width  of  the  kicker  is  1350  ns  which  is  just  accom¬ 
modated  by  the  long  pulse  mode.  However,  for  the  =  3 
setup,  the  required  pulse  width  is  reduced  to  640  ns  which 
is  too  short  for  the  long  pulse  mode  and  too  long  for  the 
short  pulse  mode.  If  one  uses  the  long  pulse,  three  transfers 
of  three  bunches  to  AGS  are  possible.  Debunching  these 
and  rebunching  into  four  bunches  as  per  the  canonical  gold 
setup  gives  a  single  bunch  intensity  equal  to  three  fourths 
of  one  Booster  fill.  On  the  other  hand  if  the  short  pulse  is 
used,  only  two  of  the  three  bunches  in  each  Booster  fill  can 
be  transferred  to  AGS,  but  six  transfers  are  possible.  This 
gives  a  total  of  12  bunches  which,  after  debunching  and  re¬ 
bunching  into  four,  gives  a  single  bunch  intensity  equal  to 
one  Booster  fill.  This  is  the  scheme  that  was  adopted  for 
the  first  part  of  the  run. 

The  next  step  in  the  evolution  of  the  deuteron  setup  re¬ 
quired  increasing  the  kinetic  energy  of  deuterons  from  Tan¬ 
dem  to  8.7  MeV  per  nucleon.  This  allowed  for  capture 
in  Booster  at  even  lower  harmonic  h  =  2  and  helped  the 
Tandem  transmission  efficiency  (which  was  marginal  at  the 
lower  kinetic  energy).  The  captured  beam  could  be  accel¬ 
erated  to  top  energy  at  /i  =  2,  but  well  before  this,  the  rev¬ 
olution  frequency  of  the  beam  is  high  enough  (some  800 
kHz)  for  a  merge  of  two  bunches  into  one  using  the  avail¬ 
able  proton  RF  system.  After  the  merge,  acceleration  con¬ 
tinues  to  top  energy  ath  =  1  with  the  proton  RF  system. 
Due  to  the  very  low  RF  voltages  required,  the  merge  is  a 
delicate  process  that  required  some  time  and  new  gear  to 
perfect.  Figure  2  shows  a  tum-by-tum  “mountain  range” 
of  the  process.  (Time  moves  up  in  the  figure.) 


Figure  2:  Merging  of  Two  Bunches  into  One  in  Booster. 

Having  just  one  bunch  in  Booster  effectively  eliminated 
the  constraint  imposed  by  the  pulse  width  of  the  AGS  in¬ 
jection  kicker  and  opened  up  the  possibility  of  transfeiring 
up  to  eight  Booster  fills  per  AGS  cycle.  Initially  the  con- 
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trol  system  could  deal  with  only  enough  Booster  cycles 
for  seven  transfers  but  eventually  controls  modifications  al¬ 
lowed  for  eight.  The  eight  bunches  were  debunched  and 
rebunched  into  four  (in  an  =  8  RF  structure)  on  the  AGS 
injection  porch  giving  a  single  bunch  intensity  equal  to  two 
Booster  fills.  This  scheme  was  used  for  the  remainder  of 
the  run  and  easily  met  the  initial  goal  of  8  x  10®  deuterons 
per  RHIC  bunch. 

Getting  sufficient  numbers  of  negative  ions  of  deuterium 
(D“)  from  the  source  that  feeds  the  Tandem  (MP6)  also 
proved  to  be  a  challenge.  Both  the  Au“  and  D“  ions  were 
generated  using  a  PSX-120  cesium  sputter  ion  source  [5] 
operating  in  a  pulsed  mode.  Initially  TiD2  powder  was 
used  in  the  D”  source  but  this  produced  a  large  amount  of 
0“  ions  which  created  significant  space  charge  forces  and 
lowered  the  transmission  efficiency.  Eventually  the  powder 
was  replaced  by  a  solid  TiD2  cathode  which  minimized 
the  production  of  other  negative  ions.  With  pulsed  currents 
as  high  as  496  fiA  at  the  source  output,  currents  as  high 
as  188  fiA  were  seen  at  the  Tandem  output  with  144  /zA 
transported  to  the  end  of  the  TTB  line. 

MODE  SWITCfflNG 

The  blue  RHIC  ring  is  filled  with  56  deuteron  bunches 
and  then  the  yellow  RHIC  ring  with  56  gold  bunches.  Do¬ 
ing  this  as  quickly  as  possible  is  required.  Besides  the  time 
lost  the  beam  emittances  somewhat  deteriorate  while  cir¬ 
culating  at  RHIC  injection  energy.  Most  of  the  injector  ac¬ 
celerator  controls  have  built-in  the  capability  to  follow  one 
of  four  different  sets  of  commands-there  are  four  ’’Users” 
predefined.  Changing  from  one  User  to  another  is  fast  rela¬ 
tive  to  the  5  second  AGS  cycle.  This  now  familiar  business 
is  referred  to  as  “pulse-to-pulse  modulation”,  PPM.  For  the 
change  from  deuterons  to  gold  several  major  systems  that 
are  not  PPM  must  also  be  switched.  All  of  the  three  trans¬ 
fer  lines  ended  up  having  different  rigidities  for  the  two 
species.  Many  of  the  magnets  in  these  lines  are  inherently 
slow  to  change.  The  TTB  magnets  with  large  bends  and 
small  fields  have  to  be  very  carefully  controlled.  Further 
there  are  mechanical  systems-foils  to  insert  or  remove,  and 
kicker  systems  that  need  pulse-forming  networks  adjusted- 
which  must  be  allowed  to  switch.  All  of  this  process,  which 
is  referred  to  as  a  ’’mode  switch”  was  orchestrated  using 
a  software  program  to  do  the  ’’sequencing”.  The  execu¬ 
tion  followed  similar  programs  used  at  RHIC  for  example 
for  quench  recovery.  The  actual  application  to  Au-d  mode 
switching  was  the  responsibility  of  the  Operations  group.  A 
goal  for  this  switching  of  5  nndnutes  was  met  gradually  but 
easily  once  confidence  in  all  of  the  steps  was  established. 
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Abstract 

During  the  2001  run  the  beam-induced  electron-cloud, 
generating  dramatic  vacuum  pressure  increases  and  fast 
transverse  instabilities,  was  the  main  limitation  in  the 
achievement  of  the  nominal  LHC  beam  intensity  in  the 
SPS.  Nominal  longitudinal  and  transverse  parameters  at 
the  extraction  energy  (450  GeV)  could  be  achieved  only 
with  a  single  batch  and  with  a  maximum  bunch 
population  of  0.5xl0“  p.  In  2002  the  threshold  for  the 
onset  of  the  electron  cloud  in  the  arcs  could  be  increased 
from  0.4x10^^  p/bunch  to  0.9x10^^  p/bunch  by  means  of  a 
dedicated  10-day  ‘scrubbing’  run  with  the  LHC  beam  At 
the  end  of  this  period  four  LHC  batches  with  design 
bunch  population  (Llxl0“  p)  could  be  injected  for  each 
SPS  cycle,  as  foreseen  for  the  nominal  filling  scenario, 
without  provoking  vacuum  interlocks.  After  a  series  of 
machine  development  sessions  the  LHC  beam  with 
nominal  intensity  could  be  accelerated  to  450  GeV  with 
nominal  longitudinal  emittance  and  with  transverse 
emittances  close  to  the  design  values  for  the  first  three 
batches.  The  problems  encountered  with  this  high 
brilliance  beam  and  the  solutions  developed  are 
presented. 

LHC  PROTON  BEAM  IN  THE  SPS 

The  SPS  is  the  last  element  of  the  LHC  injector  chain 
accelerating  26  GeV/c  protons  delivered  by  the  PS  to  450 
GeV/c  before  extraction  to  the  LHC.  The  main  parameters 
of  the  nominal  LHC  beam  are  presented  in  Table  1  [1]. 


Table  1:  Main  parameters  of  the  LHC  beam  in  the  SPS 


Momentum  [GeV/c] 

26 

450 

Tunes  (H/V) 

26.18/26.13 

Max.  n.  of  batches 

4 

n.  bunches/batch 

72 

Bunch  population!  10“  p] 

1.1 

Bunch  spacing  [ns] 

24.97 

24.95 

Full  bunch  length  [ns] 

4 

1.74 

Batch  spacing  [ns] 

224.7 

224.6 

r.m.s.  8’h,v  [[tm] 

3 

3.5 

El  [eV  s] 

0.35 

<0.7 

Since  1999,  when  the  first  LHC-type  beams  were 
available  from  the  SPS  injectors,  electron  multipacting 
was  observed  as  a  consequence  of  the  bunch  intensity  and 
spacing  of  the  LHC  beam  [2],  Beam  Induced 
Multipacting  (BIM)  generates  important  pressure  rises 
and  an  electron-cloud  develops  along  the  bunch  train 


inducing  transverse  beam  instabilities  [3].  In  the  vertical 
plane  these  manifest  themselves  as  a  single  bunch  head- 
tail  instability  as  a  result  of  the  interplay  of  the  electron 
cloud  and  of  the  machine  impedance  in  coupling  the 
motion  of  the  head  and  the  tail  of  the  bunch.  The  only 
cure  found  so  far  is  to  run  at  high  positive  vertical 
chromaticity.  In  the  horizontal  plane  low  order  coupled 
bunch  instabilities  are  observed  and  can  be  cured  by  the 
transverse  feedback  which  has  a  bandwidth  of  20  MHz 
designed  to  damp  all  coupled  bunch  modes  up  to  the 
highest  (the  bunch  spacing  is  25  ns,  see  Tab.  1). 

In  2001,  though  cures  could  be  found  to  control  the 
beam  instabilities  induced  by  the  cloud,  the  intensity 
continued  to  be  limited  by  the  dramatic  vacuum  pressure 
rise  triggering  the  beam  abort  system  and  preventing 
stable  operation  with  more  than  one  batch  at  0.6x10“ 
p/bunch.  Nominal  longitudinal  and  transverse  parameters 
at  the  extraction  energy  could  be  achieved  only  with  a 
single  batch  and  with  a  maximum  bunch  population  of 
0.5xl0“  p,  i.e.  half  the  nominal  population  [4]. 

SCRUBBING  RUN 

The  Secondary  Emission  Yield  (SEY)  of  the  surface  of 
the  stainless  steel  vacuum  chambers  is  the  main  parameter 
affecting  multipacting  for  given  beam  characteristics. 
Measurements  performed  both  in  the  laboratory  and  in  the 
machine  indicated  that  the  electron  bombardment 
resulting  from  multipacting  produces  a  reduction  of  the 
SEY  (‘scrubbing’  effect)  [5].  In  order  to  confirm  that 
observation,  the  SPS  was  operated  continuously  for  ten 
days  with  LHC  beam  at  the  beginning  of  the  2002  run.  At 
the  end  of  the  ‘scrubbing’  period  the  dynamic  pressure 
increase  was  suppressed  by  four  orders  of  magnitude  and 
the  threshold  bunch  population  for  the  onset  of  the 
electron  cloud  was  doubled  from  0.4x10“  p  to  0.8xl0“  p 
in  the  SPS  arcs,  corresponding  to  a  reduction  of  the  SEY 
from  2.2  to  1.6  [6].  This  allowed  the  nominal  intensity  to 
be  injected  without  vacuum  interlocks. 

The  success  of  the  scrubbing  run  was  also  due  to  the 
excellent  performance  of  the  transverse  feedback  in  the 
horizontal  plane  after  the  upgrade  of  its  power  protection 
circuits  during  the  shutdown  2001-2002  which  allowed 
running  this  system  at  high  gain  in  a  reliable  way.  The 
reduction  of  the  SEY  and  the  corresponding  increase  of 
the  multipacting  threshold  allowed  the  chromaticity 
required  to  stabilize  the  beam  vertically  to  be  reduced. 

Subsequent  vacuum  measurements  indicated  that  de¬ 
conditioning  occurs  when  the  machine  is  not  operated 
with  the  LHC  beam  but  the  re-conditioning  time  is  shorter 
(about  18  hours).  ‘Scrubbing’  is  a  local  phenomenon  and 
the  location  of  the  processed  area  is  determined  by  the 
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beam  position.  The  effectiveness  of  the  conditioning 
depends  also  on  the  electron  energy  that  in  turn  depends 
on  the  beam  transverse  size  and  in  particular  on  bunch 
length  and  bunch  charge.  An  ulterior  reduction  of  the  SEY 
to  1.5  was  observed  during  dedicated  machine  studies 
with  acceleration  to  450  GeV/c  when  the  beam  size  and 
the  bunch  length  are  getting  shorter. 

THE  WAY  TO  THE  NOMINAL  LHC  BEAM 

Transverse  plane 

Though  the  conditioning  increased  significantly  the 
multipacting  threshold,  this  remained  inferior  to  the 
nominal  intensity  and  electron  cloud  transverse 
instabilities  were  observed.  Particular  care  was  taken  to 
minimize  injection  errors  to  allow  operation  of  the 
transverse  feedback  system  at  high  gain  while  avoiding 
saturation  of  the  amplifiers  at  injection,  where  the 
feedback  acts  also  as  an  injection  danper.  It  proved  to  be 
particularly  important  to  minimize  the  bunch-to-bunch 
injection  errors  affecting  the  second,  third  and  fourth 
batches  as  a  consequence  of  the  non-nominal  rise  time  of 
the  injection  kicker.  At  the  beginning  of  the  2002  run  the 
rise-time  was  larger  than  300  ns  (0-100%),  instead  of  the 
nominal  220  ns  (the  batch  spacing  is  225  ns  Tab.  1).  The 
injection  kicker  system  [7]  consists  of  sixteen  magnets, 
powered  in  pairs  by  eight  Pulse  Forming  Networks 
(PFN).  Twelve  out  of  the  sixteen  magnets  have  an 
impedance  of  16.67^2  while  the  remaining  four  have  an 
impedance  of  12.5Q  and  are  the  slowest  elements  in  the 
chain.  The  temporal  evolution  of  the  kick  delivered  by 
each  pair  of  magnets  could  be  measured  in  dedicated 
experiments  by  kicking  the  circulating  beam.  The  fine 
synchronization  of  the  eight  PFNs  could  be  measured  and 
adjusted  with  particular  attention  to  the  slowest  magnets 
reducing  the  kicker  rise  time  to  about  250  ns  (0-100%). 
With  this  configuration  only  the  first  bunch  of  the  injected 
batch  and  the  last  bunch  of  the  circulating  beam  are 
affected.  The  damper  can  effectively  damp  the  oscillation 
of  these  bunches  in  a  few  tens  of  turns  at  least  for  the  first 
three  batches  while  the  damping  efficiency  appears  to  be 
marginal  for  the  fourth  batch. 

One  of  the  undesired  effects  of  the  electron  cloud  is  the 
baseline  distortion  of  the  position  signal  provided  by  the 
electrostatic  pick-ups  used  to  drive  the  transverse 
feedback.  In  order  to  avoid  such  a  phenomenon  the  A- 
signal  from  the  pick-up  is  band-pass  filtered  at  120  MHz 
(±20  MHz)  and  mixed  with  a  120  MHz  reference  derived 
from  the  beam  synchronous  200  MHz.  This  configuration 
eliminates  disturbances  due  to  the  electron  cloud  but  is 
quite  sensitive  to  phase  oscillations  of  the  beam,  which 
occur  particularly  at  injection.  It  was  significantly 
reduced  by  the  implementation  of  a  longitudinal  damper. 

At  the  end  of  the  2002  run  the  normalised  r.m.s. 
transverse  emittances  at  extraction  energy  for  a  beam  with 
nominal  bunch  population  were  e  h,v  =  2.2(H)/2.2(V)  pm 
for  one  batch  and  e*H,v  =  3.0(H)/4.1(V)  pm  for  three 
batches,  close  to  the  nominal  values  (Tab.  1).  The  values 


quoted  above  for  three  batches  correspond  to  the 
emittance  of  the  trailing  bunches  of  the  last  batch  where 
the  blow-up  due  to  the  electron  cloud  is  larger  and  very 
likely  are  overestimated  by  10-20%  due  to  a  problem 
found  in  the  software  reconstructing  the  wire  scanner 
position  during  the  scan.  No  measurement  with  four 
batches  was  possible  because  of  the  breakage  of  the  wire 
scanner  discussed  in  the  next  section. 

Longitudinal  plane 

2002  was  an  important  milestone  for  the  acceleration  of 
the  full  LHC  beam  in  the  SPS  since,  following  eight  years 
of  preparatory  work,  nominal  longitudinal  parameters  at 
extraction  energy  were  obtained  for  the  first  time.  Indeed 
the  impedance  reduction  program  was  completed  [1],  [8], 
each  of  the  four  200  MHz  Travelling  Wave  Cavities  were 
equipped  with  a  feedforward  and  feedback  pair  [9]  and 
the  800  MHz  system  was  back  in  operation,  ready  to 
provide  extra  Landau  damping.  The  steps  taken  are 
described  in  detail  in  [10]. 

A  single  batch  with  intensity  three  times  below  the 
nominal  and  an  emittance  of  0,35  eVs  develops  a  coupled 
bunch  longitudinal  instability  towards  the  end  of  the 
acceleration  cycle.  This  can  be  cured  for  nominal 
intensity  if  the  emittance  is  intentionally  increased  above 
0.5  eVs  and  the  800  MHz  is  used  for  Landau  damping.  As 
a  result,  the  final  emittance  has  been  measured  in  the 
range  0.52-0.56  eVs,  well  below  the  initial  target  (<  0.7 
eVs)  [10]. 

Notwithstanding  the  campaign  to  shield  the  vacuum 
ports,  signals  above  2.8  GHz  were  still  visible  [8].  These 
signals  were  proved  recently  to  be  due  to  pick-up 
resonances  and  not  due  to  line  density  modulation  (no 
change  in  frequency  during  debunching).  Note  that  the 
pick-up  cut-off  frequency  is  2.8  GHz. 

Even  with  the  significant  reduction  of  inductive 
impedance,  at  least  a  factor  2.5,  the  residual  impedance  (~ 
5  Q)  is  sufficient  to  cause  loss  of  Landau  damping  for 
single  bunches  with  population  above  0.5x10^^  p.  This 
was  verified  last  year  by  observation  of  the  Schottky 
spectrum.  Undamped  quadrupole  oscillations  are 
observed  on  the  flat  bottom  after  injection  into  an 
unmatched  voltage,  in  the  absence  of  emittance  blow-up 
due  to  the  microwave  instability  that  we  had  in  the  past. 
These  oscillations  are  not  observed  for  bunch  trains  of  72 
bunches,  but  could  be  a  problem  for  the  pilot  or 
intermediate  beam  (12  bunches)  required  for  LHC 
operation. 

In  machine  studies  it  was  observed  [11]  that  during  the 
normal  injection  procedure  satellite  bunches,  at  5  ns 
spacing  from  the  main  bunches,  were  created.  This  seems 
to  be  due  to  uncaptured  particles  at  injection  drifting 
around  the  ring  and  then  being  recaptured.  The  situation  is 
worse  when  the  injection  voltage  is  raised  from  700  kV  to 
2  MV.  These  satellite  bunches  would  remain  and  be 
injected  into  the  LHC  where  the  requirements  on  their 
intensity  from  the  experiments  are  very  strict. 

The  longitudinal  damping  system  needed  to  cure  a  low 
frequency  (<2  MHz)  dipole  mode  coupled-bunch 


1719 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


instability  on  the  flat  bottom  [10]  is  also  used  to  damp  the 
phase  and  energy  error  at  the  injection  of  the  second,  third 
and  fourth  batch.  This  is  essential  to  keep  the  emittance 
constant  for  all  bunches.  Its  gain  was  programmed  during 
the  ramp  in  order  to  get  the  best  compromise  between  the 
damping  rate  needed  and  the  slow  blow-up  caused  by  the 
noise  injected  by  the  electronics. 

New  ideas  for  synchronizing  the  SPS  beam  onto  the 
LHC  reference  were  tested.  The  LHC  bucket  reference  is 
used  to  synchronize  the  CPS-SPS  transfer  so  that,  at  450 
GeV/c,  the  SPS  beam  is  in  correct  position  for  transfer  to 
LHC,  thereby  minimizing  the  rephasing  in  the  SPS  [12]. 
The  method  was  tested  and  the  rephasing  angle  is  now 
less  than  4  RF  buckets  (20  ns).  It  is  hoped  to  reduce  it  to 
less  than  1  RF  bucket  in  2003. 

SUMMARY,  PRESENT  LIMITATIONS 
AND  POSSIBLE  CURES 

By  the  end  of  2002  LHC  beam  with  nominal  intensity 
was  accelerated  to  extraction  energy  with  nominal 
longitudinal  emittance  and  with  transverse  enoittances 
close  to  the  design  values  for  the  first  three  batches. 
Operation  with  nominal  LHC  beam  revealed  some 
hardware  problems  that  will  require  attention  and 
additional  investigations  in  the  future: 

•  marginal  injection  kicker  rise-time.  Faster  thyratron 
switches  will  be  installed  for  the  PFNs  powering  the 
slowest  magnets  and  a  further  reduction  of  the  rise  time 
by  several  ns  is  expected. 

•  breakage  of  the  carbon  wires  in  the  wire  scanners  even 
when  in  parking  position  [13].  RF  measurements 
conducted  in  the  laboratory  on  a  wire  scanner  tank 
showed  high  impedance  modes  at  around  700  MHz. 
The  beam-induced  RF  power  is  absorbed  by  the  carbon 
wire  and  is  responsible  for  the  observed  failures.  Ferrite 
tiles  have  been  installed  in  the  wire  scanner  housing  to 
reduce  the  impedance  of  the  cavity  modes  and  SiC 
wires  have  replaced  some  of  the  carbon  wires 
providing  a  larger  resistivity  and  therefore  lower 
dissipation. 

•  heating  of  the  ferrites  of  the  kickers.  Measurements 
confirmed  that  the  time  constant  for  such  phenomena  is 
of  the  order  of  a  day  as  already  anticipated.  This 
should  not  be  problematic  for  operation  with  LHC 
beam  interleaved  with  other  modes  as  expected  in  the 
future. 

•  instantaneous  outgassing  of  the  graphite  beam  dump 
absorber.  This  occurs  not  only  when  the  beam  is 
dumped  onto  the  absorber  at  the  end  of  each  cycle  but 
also  during  the  ramp.  The  short  time  constant  (seconds) 
of  the  latter  phenomenon  points  to  a  surface 
phenomenon  like  multipacting  or  surface  heating  due  to 
RF  modes  induced  by  the  beam. 

•  instantaneous  outgassing  of  the  beam  dump  and  tune 
measurement  kickers.  Here  again,  the  short  time 
constant  seems  to  favour  the  hypothesis  of  multipacting 
or  surface  heating  as  being  responsible  for  such 


'  phenomena. 

A  scrubbing  run  including  acceleration  to  450  GeV/c  is 
foreseen  also  for  the  2003  run.  Attempts  will  be  made  to 
increase  the  bunch  population  well  above  nominal  with 
the  aim  of  increasing  the  multipacting  threshold  above  the 
nominal  bunch  population. 

Future  studies  will  focus  on  consolidating  the 
procedures  and  the  cures  found  for  the  LHC  beam,  on 
ensuring  quality  control  of  the  nominal  beam  before 
extraction  and  to  provide  the  low  intensity  test  beams 
required  for  the  LHC. 
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PROTECTION  DEVICES  IN  THE  TRANSFERLINES  TO  THE  LHC 


H.  Burkhardt,  B.  Goddard,  V.  Mertens,  CERN,  Geneva,  Switzerland 


Abstract 

Beams  will  be  transferred  from  SPS  to  LHC  through  two 
transfer  lines,  each  of  over  2.5  km  length,  equipped  with 
conventional  resistive  magnets  with  relatively  small  aper¬ 
tures.  Beam  energy  densities  will  be  roughly  4  orders  of 
magnitude  above  the  LHC  quench  limit  and  about  one  or¬ 
der  above  damage  level.  Possible  failures  of  the  various 
elements  in  the  transfer  lines  and  the  SPS  machine  are  dis¬ 
cussed,  together  with  results  from  tracking  studies.  The 
benefit  from  installing  protection  devices  in  the  transfer 
lines  is  discussed,  along  with  related  layout  aspects  and  the 
required  protection  performance. 

1  INTRODUCTION 

Beams  will  be  injected  from  the  SPS  into  the  LHC 
through  the  two  transfer  lines  TI 2  andTIS  [1],  see  Fig.  1. 


Figure  1:  Schematic  view  of  the  LHC  injection  transfer 
lines. 

Protection  devices  in  the  transfer  lines  should  be  safe 
for  nominal  beam  intensities  and  also  survive  the  impact 
of  beams  of  ultimate  intensities,  which  will  be  about  50  % 
above  the  nominal  intensities.  Parameters  are  summarized 
in  Table  1. 


Table  1 :  Nominal  beam  parameters  for  LHC  injection. 


Proton  momentum 

450GeV/c 

Normalized  emittance 

eiv  =  3.75  fim 

Emittance 

e  =  7.82  nm 

Protons  per  bunch 

1.1  X  10^^ 

Bunches  per  batch 

72 

Number  of  batches 

3  or  4 

Nominal  intensity 

4  X  72  X  1.1  X  10“ 

=  3.2  X  10“ 

The  batches  are  extracted  in  4/11  of  an  SPS  turn  or 
7.86  /is.  The  damage  level  for  fast  losses  is  about  2  x  10 
protons  and  the  quench  level  in  the  LHC  of  the  order  of 
10®  protons  [2].  An  attenuation  by  at  least  a  factor  of  20 
and  better  by  a  factor  of  100  should  be  achieved  to  prevent 
damage  by  the  injected  beam  [3]. 

Primary  collimators  in  the  LHC  will  be  set  to  6  -  7  a 
at  injection  and  secondary  collimators  to  7  -  8.2  a.  This 
reduces  the  tertiary  halo  of  the  circulating  beams  to  below 
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the  quench  level  at  physical  apertures  (at  >  10  a).  Wrongly 
injected  beams  could  however  do  damage  before  they  even 
arrive  at  the  collimation  sections  in  the  LHC. 

Cleaning  of  the  injected  beams  is  best  done  as  early  as 
possible.  A  ‘shaving’  to  3.5  a  (corresponding  to  less  than 
0.05  %  loss  for  Gaussian  beams)  is  foreseen  in  the  SPS. 

The  combined  effect  of  closed  orbit  errors,  SPS  extrac¬ 
tion  and  transfer  lines  ripple  and  drifts  corresponds  to  an 
increase  by  1.5  a  [1].  This  adds  up  to  a  5  cr  envelope  for 
the  injected  beams  in  the  LHC. 

Injection  steering  will  be  done  with  low  intensity  (pilot) 
beams,  well  below  the  damage  level.  When  everything  is 
well  adjusted  and  a  pilot  circulates  in  the  LHC,  the  injec¬ 
tion  of  high  intensity  batches  can  start. 


2  POSSIBLE  FAILURES  AND 
PROTECTION 

Protection  against  mis-fiiing  of  the  extraction  kickers  in 
the  SPS  is  foreseen.  The  septum  MSE  which  follows  the 
extraction  kicker  MKE  will  be  protected  by  the  septum  di- 
luter  (TPSG,  about  4  m  of  C  +  Al,  [4]).  Protection  against 
mis-firing  of  the  MKI  kickers  at  the  end  of  the  transferlines 
into  the  LHC  is  provided  by  the  injection  beam  stopper 
TDI,  the  D1  shielding  TCDD  and  the  TCL  injection  colli¬ 
mators.  They  will  be  set  to  about  8.5  a  vertically.  There  is 
at  present  no  passive  horizontal  protection  for  the  injected 
beams  in  the  LHC, 

The  transfer  lines  are  pulsed,  use  warm  magnets  and  are 
turned  off  when  no  injection  is  needed.  The  beam  is  hor¬ 
izontally  extracted  from  the  SPS  (MKE  kicker).  The  lines 
are  several  kilometres  long  with  many  horizontal  and  some 
vertical  bending  magnets.  Wrong  bending  fields  could  re¬ 
sult  in  local  loss  of  the  full  intensity.  Active  protection 
based  on  monitoring  of  the  currents  of  the  magnets  in  the 
transfer  lines  is  planned.  Large  injection  oscillations  could 
still  be  caused  for  example  by  problems  with  corrector  set¬ 
tings  in  the  transfer  lines  or  timing  faults  [5]. 

Most  critical  is  the  end  of  the  line  with  the  tight  septum 
(MSI)  aperture  and  the  injection  region  in  the  LHC.  Passive 
protection  for  the  septum  is  needed,  which  at  the  same  time 
can  be  used  to  limit  injection  oscillations  in  the  LHC. 

Fig.  2  shows  the  septum  MSI  in  TI  8  as  seen  from  the 
side.  It  consists  of  five  (two  MSIA  and  three  MSIB)  each 
4  m  long  steel  septum  magnets.  The  aperture  available  for 
the  injected  beam  is  indicated  by  dotted  lines.  It  reduces 
from  effectively  17  mm  on  the  right  to  13  mm  on  the  left, 
which  leaves  7  a  in  both  planes  to  the  beam. 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Figure  2:  Septum  MSI  in  TI 8,  seen  from  the  side. 

3  OPTICS  AND  POSSIBLE  POSITIONS 
OF  COLLIMATORS 


Hisilll  fill  5  I  ;  momentum  coUimation 


s(m) 


Figure  3:  Optics  at  the  beginning  of  TI  8  and  proposed  po¬ 
sition  for  momentum  collimation. 

The  optics  of  the  first  kilometre  of  the  transfer  line  TI  8 
is  shown  in  Fig.  3.  The  beam  energy  is  constant  through 
the  transfer  line.  Momentum  collimation  can  be  done  in 
the  first  available  space  with  high  dispersion.  The  beta¬ 
tron  collimation  should  be  able  to  protect  the  tight  septum 
aperture  and  the  injection  region  against  any  bending  errors 
upstream.  It  should  therefore  be  placed  towards  the  end  of 
the  line.  As  a  first  proposal  to  be  looked  at  more  closely, 
we  will  follow  the  following  strategy  to  place  collimators 
‘TCDF’  in  the  transfer  line: 

•  Momentum  collimation  in  the  first  available  place 
with  large  dispersion  (which  is  in  the  horizontal 
plane). 

•  Vertical  collimation  at  about  90°  phase  advance  up¬ 
stream  of  the  septum 'and  ]  ^0'  in  M). 

•  Horizontal  collimation  at  about  90°  upstream  of  the 
septum. 

•  Septum  protection,  combined  in  H  and  V. 


x’ 


Figure  4:  Illustration  of  the  phase  space  with  two  collima¬ 
tors  at  90°  set  to  5  a. 


Figure  5:  Optics  at  the  end  of  TI  8  and  proposed  positions 
for  betatron  collimation. 

The  phase  space  limits  obtained  from  collimation  at  5  <j 
with  90°  phase  difference  are  sketched  in  Fig.  4.  The  beam 
spots  of  a  centred  beam  and  the  worst  case  of  a  displaced 
beam  are  also  sketched. 

A  first  detailed  proposal  for  positions  of  collimators  has 
been  worked  out  for  the  line  TI  8.  The  numbers  are  given  in 
Table  2.  The  end  of  the  line  with  the  proposed  positions  for 
betatron  collimation  is  also  shown  as  Fig.  5.  The  table  gives 
s  positions  in  the  transfer  lines,  the  optics  parameters  0  and 
dispersion  and  the  phase  advance  relative  to  the  beginning 
of  the  septum. 

5cr  settings  would  imply  rather  narrow  settings, 
±2.3  mm  at  QI15  in  jff  and  ±2.8  mm  in  V.  To  allow  for 
injection  steering,  the  collimators  at  QI14  and  QI15  should 
be  retractable.  The  first  betatron  collimator  COLLQI 14  has 
been  placed  close  to  the  beam  stopper  TED  at  a  phase  ad¬ 
vance  of  90°  in  the  vertical  plane  from  the  septum.  The 
in  this  place  is  relatively  large  and  the  horizontal  phase  ad¬ 
vance  to  the  septum  not  too  far  from  180  °.  Adding  also  hor¬ 
izontal  collimation  in  this  position  is  considered  and  would 
allow  to  limit  the  aperture  in  both  planes  to  reduce  losses 
close  to  the  septum. 

4  PERFORMANCE  ESTIMATE 

The  critical  impact  parameter  be,  below  which  scattering 
from  the  collimator  edge  is  significant,  is  about  be  — 12  /xm 
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Table  2:  Optics  at  transfer  line  collimators. 


Name 

s,m 

Px9  Ttl 

Dxi  m 

cTx^mm 

Apx  to  MSI 

iSyyVn. 

Dy,m 

cry,mm 

Afiy  to  MSI 

COLLMOM 

671 

102 

-3.08 

1.69 

1 

to 

o 

o 

18.2 

-.001 

0.38 

117° 

COLLQI14 

2487 

122 

0.99 

1.08 

163° 

38.4 

0.042 

0.55 

o 

00 

COLLQI15 

2546 

19.8 

0.44 

0.45 

97° 

186 

0.11 

1.20 

29° 

COLLMSI 

2627 

54.3 

0.11 

0.65 

0° 

218 

0,09 

1.31 

0° 

at  450  GeV/c  [6].  For  a  uniform  impact  over  a  distance  d, 
there  will  be  roughly  a  fraction  of  d /he  protons  scattered 
back  in  the  beam  pipe. 


Figure  6:  MAD-X  TI 8  tracking  with  apertures. 


Impact  distributions  for  the  proposed  transfer  line  colli¬ 
mators  have  been  studied  using  MAD-X  [7]  tracking  for 
the  transfer  line  TI  8  with  apertures  and  collimators.  In 
the  most  favourable  case,  losses  are  distributed  homoge¬ 
neously  in  the  available  aperture,  resulting  in  a  flat  loss  dis¬ 
tribution  over  5  mm  on  the  collimator.  For  this  case,  we 
estimate  an  attenuation  by  a  factor  or  5  mm/ 12  //m  400. 

A  result  for  the  least  favorable  case,  in  which  the  beam  im¬ 
pacts  directly  without  any  blow-up  is  shown  in  Fig.  6.  The 
attenuation  based  on  the  r.m.s  beam  size  a  ~  0.5  mm  is 
then  5  mm/ 12  ^m  40.  Not  all  particles  scattered  back 
elastically  into  the  beam  pipe  will  be  lost  in  critical  places. 
The  scattering  angle  can  be  estimated  from  multiple  scat¬ 
tering: 

6>o  =  ^x/Xq  [1  +  0.038  log(g/A:o)]  (1) 

Pep 

Numerical  estimate  for  graphite:  one  nuclear  interaction 
length  is  A  26  cm  and  one  radiation  length  JXo  ~  19  cm. 
The  effective  distance  x  before  absorption  is  estimated  as 
2 A.  The  result  for  the  average  scattering  angle  is  ~ 
50  /irad.  This  is  about  2  or  3  times  more  than  the  beam 
divergence.  It  implies  that  the  back-scattered  proton  losses 
will  be  rather  distributed.  Together  with  the  attenuation  of 
40  estimated  above,  there  are  good  reasons  to  believe  that 
the  performance  of  the  transfer  line  collimators  would  in 
fact  be  sufficient  to  prevent  damage.  This  should  be  veri¬ 
fied  by  tracking  with  simulation  of  the  interactions  in  the 
collimators. 


The  proposed  setting  at  5  a  at  two  phases  separated  by 
90°  will  limit  oscillations  to  below  ^  Sa  at  any  phase.  This 
still  leaves  some  margin  for  tolerances  up  to  the  LHC  phys¬ 
ical  aperture  of  about  10  a  in  the  LHC. 

Whether  the  momentum  collimation  at  the  beginning 
of  the  line  is  really  needed  will  depend  on  the  reliabil¬ 
ity  of  the  quality  check/interlock  system  planned  for  the 
extraction  from  the  SPS.  The  passive  protection  proposed 
here  would  reduce  the  momentum  aperture  in  the  line  from 
about  ±0.8%  (estimated  with  r  =  ±3.2  cm  aperture  and 
Dx  =  3.5  m  dispersion  in  the  transfer  line  arc)  to  about 
AE/E  ±  0.24  %,  as  estimated  for  momentum  collimation 
at  Dx  =  3m,  px  ^  100m,  la  =  1.7mm  with  a  setting 
at  5  a  or  ±8.5  mm.  This  is  sufficient  to  prevent  localized 
losses  due  to  energy  errors. 

5  SUMMARY  AND  OUTLOOK 

A  collimation  at  5  a  in  the  transfer  line  will  be  important 
to  protect  the  LHC  injection  regions  against  serious  dam¬ 
age  and  to  limit  injection  oscillations  in  the  LHC.  Issues 
presently  under  study  include 

•  fixed  or  mobile  apertures, 

•  attenuation  performance, 

•  exact  positioning, 

•  necessity  of  momentum  collimation. 

In  parallel,  work  leading  to  a  detailed  technical  design  has 
started. 
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Abstract 

As  part  of  the  preparation  of  the  PS  as  an  injector  for 
the  LHC,  a  prototype  20  MHz  rf  system  has  been  used,  to 
demonstrate  that  the  nominal  longitudinal  performance  of 
the  proton  beam  for  LHC  can  be  obtained  using  multiple 
bunch-splittings.  Based  on  these  successful  results 
obtained  during  2000,  the  development  of  the  operational 
rf  system  began  in  2001.  To  allow  the  preparation  of 
bunch  trains  with  a  bunch  spacing  of  25  or  75  ns,  this 
system  must  operate  either  at  20  or  13.3  MHz 
respectively.  Two  new  ferrite  cavities  and  their  associated 
amplifiers  have  been  designed  and  built.  Each  one  can 
provide  a  maximum  voltage  of  20  kV  peak  during  200  ms 
with  a  10%  duty  cycle.  The  cavities  are  equipped  with 
fast  (-20  ms)  gap  shorting  relays,  and  rf  feedback  reduces 
their  Q  below  10  at  both  frequencies.  A  single  system  is 
sufficient  to  generate  the  nominal  beam  for  LHC.  The 
second  one  will  then  be  both  a  "hot  spare"  and  a  very 
valuable  performance  enhancement  providing  the 
possibility  of  handling  a  larger  than  nominal  emittance  or 
generating  bunch  trains  with  different  spacings  in  the 
same  PS  supercycle.  The  design  and  the  results  measured 
on  the  final  device  are  described  and  discussed. 

INTRODUCTION 

This  project  is  part  of  the  preparation  of  the  PS 
complex  as  injector  for  the  LHC.  During  the  year  2000  a 
new  scheme  for  producing  the  LHC  beam  structure  was 
successfully  tested,  using  a  prototype  20  MHz  rf  system 
installed  during  the  1999  PS  shutdown.  Making  use  of  rf 
systems  operating  at  10,  20,  40  and  80  MHz,  bunches  are 
split  in  12  without  debunching/rebunching,  and  a  nominal 
bunch  spacing  of  25  ns  is  finally  obtained  [1,  2].  In  2001, 
75  ns  bunch  spacing  was  proposed  for  the  early  stage  of 
LHC  operation,  to  limit  electron  cloud  induced  heating  of 
the  vacuum  chamber  and  maximise  luminosity  for  a 
limited  total  beam  intensity  [3].  To  make  both  bunch 
spacings  feasible,  the  operational  rf  systems  have  then 
been  specified  to  be  able  to  operate  either  at  13.3  or 
20  MHz.  A  first  system  was  finished  in  2002  and  installed 
during  the  winter  shutdown  in  the  PS  ring.  The  second 
one  is  under  construction  and  will  be  installed  one  year 
later. 

GENERAL  SYSTEM  SPECIFICATION 

Each  system  is  made-up  of  a  power  amplifier  driving 
one  cavity  and  occupies  a  single  short  straight  section  in 
the  PS.  It  is  tunable  at  13.3  and  20  MHz  and  it  can  deliver 
the  full  voltage  (20  kV)  during  200  ms  with  a  10%  duty 
cycle.  When  not  in  use,  high  voltage  relays  short-circuit 
the  resonators.  When  in  use,  the  relays  are  open  and  rf 
feedback  reduces  the  quality  factor  to  10  and  the  shunt 
impedance  accordingly.  A  single  system  is  sufficient  to 


generate  the  nominal  beam  for  LHC,  either  with  25  or 
75  ns  bunch  spacing.  The  presence  of  two  systems  will 
make  both  types  of  beam  available  within  the  same  PS 
supercycle,  without  activating  excessively  the  mechanical 
devices  used  for  tuning. 

CAVITY  DESIGN 

The  request  for  a  maximum  peak  rf  voltage  of  30  kV, 
together  with  the  space  constraint  imposed  by  the  PS 
short  straight  section  (1.5  m),  have  led  to  the  decision  of 
installing  two  identical  systems.  The  cavity  mechanical 
layout  is  shown  in  fig.  1.  The  resonator  is  made  of  two 
sections,  each  of  them  with  its  own  ceramic  gap.  Splitting 
the  rf  voltage  between  two  gaps  is  imposed  by  the  safe 
voltage  holding  limit  of  the  gap  relays  (10  kV). 


Figure  1:  Cavity  mechanical  layout 


Compared  to  a  single  resonator  solution,  more  ferrite 
rings  are  used  and  losses  are  lower.  The  two  sections  are 
driven  in  parallel  by  the  common  tube  amplifier  with  two 
short  transmission  lines.  The  cavity  is  shown  in  Fig,  2. 


Figure  2:  The  ferrite  cavity.  The  end  part  of  the 
transmission  lines  and  the  ceramic  gap  are  visible 

The  ferrite  rings  are  Philips  (now  Ferroxcube)  standard 
grade  4E1,  and  heat  is  removed  by  water-cooled  copper 
disks.  This  grade  has  been  chosen  for  its  low  permeability 
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(  ^^14)  and  low  loss  at  20  MHz.  The  ferrite  ring  size  is 
440x250x33.3  mm.  Each  cavity  has  ten  rings  in  total. 
During  the  development,  the  cavity  characteristics  have 
been  estimated  with  multiple  measurements  on  small  size 
ring  samples.  Since  only  two  fixed  resonant  frequencies 
are  required,  magnetic  bias  has  not  been  selected  and, 
instead,  tuning  is  achieved  with  two  variable  vacuum 
capacitors  connected  in  parallel  with  the  gaps.  The  cavity 
being  very  close  to  the  PS  main  magnets  (see  Figure  3),  a 
magnetic  shield  surround  the  ferrite  rings  to  avoid 
unwanted  detuning  due  to  the  fnnge  field.  Its  main 
characteristics  are  summarized  in  Table  1. 


Figure  3:  The  cavity  installed  in  the  PS  ring.  The 
magnetic  shield  and  the  PS  magnets  are  visible. 


Table  1 :  Main  characteristics  of  a  13  -  20  MHz  cavity 


Parameter  \  Frequency  [MHz] 

13.3 

20 

Quality  factor  at  20  kVp 

82 

63 

Quality  factor  at  100  Vp 

163 

100 

Nominal  Vrp  [kVp] 

15 

15 

Maximum  Vrf  [kVp] 

20 

20 

Shunt  resistance  at  20  kVp  [kOhm] 

1.7  ■ 

2 

Power  dissipation  at  20  kVp  [kW] 

25 

30 

RF  magnetic  flux  density  at  20  kV  [mT] 

9.7 

6.7 

Peak  power  density  at  20  kVp  [mW/cm^] 

860 

730 

AMPLIFIER  CHAIN 

A  grounded  cathode  tube  power  amplifier  has  been 
developed,  based  on  a  water  cooled  tetrode  RS1084CJ 
(THALES),  driven  by  a  400  W  solid  state  amplifier. 
Feedback  from  the  cavity  gap  provides  reduction  of  the 
cavity  impedance  seen  by  the  beam.  Both  amplifiers  are 
kept  as  close  as  possible  to  the  cavity  resonator  in  order  to 
keep  the  group  delay  low.  A  low  Q  (~2.5)  resonator  is 
implemented  in  the  grid  of  the  tetrode.  A  coaxial  rf  switch 
selects  between  two  shorted  coaxial  cables  to  tune  the 
grid  resonator  at  the  two  frequencies.  Fine  tuning  is 
obtained  using  a  coaxial  line  stretcher.  The  anode 


dissipation  of  the  tetrode  is  minimised  by  pulsing  to  4  A 
the  DC  current  only  during  operation  (10  %  maximum 
duty  cycle).  The  CERN-made  driver  amplifier  has  a  gain 
of  54  dB,  a  group  delay  of  only  30  ns,  and  a  3  dB 
bandwidth  extending  from  0.15  to  80  MHz.  The  presence 
of  the  two  transmission  lines  generates  high  frequency 
resonances  that  limit  the  overall  loop  gain.  At  20  MHz  the 
unwanted  resonance  is  located  at  56  MHz  while  at 
13.3  MHz  it  is  at  71  MHz.  The  56  MHz  resonance  is 
especially  dangerous,  because  the  gain  is  only  24  dB 
below  the  value  at  20  MHz.  Two  notch  filters,  connected 
directly  to  the  feedback  probe,  are  used  to  filter  out  the 
two  resonances.  The  main  characteristics  of  a  complete  rf 
system  are  summarized  in  Table  2. 


Table  2:  Main  characteristics  of  a  13-20  MHz  system 


Parameter\Frequency  [MHz] 

13.3 

20 

Feedback  gain  at  100  Vp  [dB] 

25 

21 

Feedback  gain  at  20  kVp  [dB] 

20 

17 

Open  Loop  Bandwidth  [kHz] 

75 

176 

Closed  Loop  Bandwidth  [MHz] 

2.6 

4.5 

Forward  Path  Gain  [dB] 

94 

95 

TUNING 

Four  different  components  have  to  be  adjusted  as  a 
function  of  the  operating  frequency:  the  grid  circuit  of  the 
power  amplifier,  the  cavity,  Ae  rf  feedback  loop  (gain  and 
phase)  and  the  servo  control  of  the  rf  voltage  amplitude 
(A VC).  The  cavity  tuning  is  obtained  by  changing  the 
capacitance  in  parallel  with  the  two  gaps.  That  method 
has  two  disadvantages.  First  of  all,  the  variation  of  the 
resonant  frequency  with  the  amplitude  (~85  kHz  in  both 
cases)  cannot  be  compensated.  This  affects  the  closed 
loop  transfer  function  (modulus  and  phase)  of  the  system. 
The  phase  is  amplitude  dependent  and  it  changes  by  4.5° 
at  13.3  MHz  and  3°  at  20  MHz.  The  amplitude  of  the 
frequency  response  becomes  tilted  (see  next  paragraph). 
The  second  disadvantage  is  the  slowness:  changing  the 
operating  frequency  requires  about  two  minutes.  A  single 
stepping  motor  monitored  by  a  12  bit  encoder  drives  the 
variable  capacitors.  The  other  three  elements  are  adjusted 
by  means  of  four  rf  coaxial  switches.  All  these  operations 
are  performed  by  a  programmable  logic  controller  (PLC). 
The  PLC,  together  with  hard-wired  logic,  blocks  the 
system  during  the  frequency  change  and  detects  and 
signals  any  fault  in  the  switching  elements.  To  ensure 
stability  during  the  process,  the  open  loop  gain  is  kept  low 
by  disabling  the  grid  pulser  of  the  tetrode  and  blanking 
the  driver. 

EXPERIMENTAL  RESULTS 

Measurements  of  the  cavity  and  of  the  closed  loop 
frequency  responses  at  20  kVp  are  shown  in  Figures  4 
and  5.  Low  voltage  results  (100  Vp)  are  given  in  Figures 
6  and  7. 
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Figure  4:  Response  of  the  system  at  13  MHz  and  20  kVp.  Figure  6:  Response  of  the  system  at  13  MHz  and  100  Vp. 


Figure  5:  Response  of  the  system  at  20  MHz  and  20  kVp. 


The  maximum  voltage  has  been  obtained  with  a  duty 
cycle  of  15%  and  300  ms  rf  pulse  length.  The  limiting 
factor  is  the  gap  heating.  The  feedback  is  adjusted  at 
maximum  and  the  measured  bandwidths  exceed  the 
specifications  by  a  factor  two.  At  such  high  feedback 
gains,  the  frequency  response  is  deformed  and  the  ratio  of 
closed  loop  over  open  loop  bandwidth  is  greater  than  the 
amount  of  feedback  introduced.  Because  of  the  change  of 
the  tune  of  the  resonators  with  amplitude,  the  frequency 
responses  are  different  at  low  and  high  voltages,  and 
feedback  adjustment  is  a  compromise. 

The  system  now  installed  in  the  PS  will  start  being  used 
with  beam  in  June  2003.  The  first  goal  will  be  to  check 
the  performance  of  the  gymnastics  leading  to  75  ns  bunch 
spacing.  The  second  system,  presently  in  construction, 
will  benefit  from  this  experience  and  it  will  be  installed 
during  the  next  winter  shut-down. 
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Figure  7:  Response  of  the  system  at  20  MHz  and  100  Vp. 
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Abstract 

We  discuss  the  predicted  electron  cloud  build  up  in  the 
arcs  and  the  long  straight  sections  of  the  LHC,  and  its  pos¬ 
sible  consequences  on  heat  load,  beam  stability,  long-term 
emittance  preservation,  and  vacuum.  Our  predictions  are 
based  on  computer  simulations  and  analytical  estimates, 
parts  of  which  have  been  benchmarked  against  experimen¬ 
tal  observations  at  the  SPS. 

1  INTRODUCTION 

An  electron  cloud  and  its  effets  are  observed  in  the 
CERN  SPS,  when  operated  with  LHC-type  beams.  The 
electrons  are  created  by  a  beam-induced  multipacting  pro¬ 
cess  [1].  A  similar  electron  build  up  in  the  LHC  might 
complicate  its  commissioning  and  early  operation.  Simu¬ 
lations  for  the  LHC  can  be  benchmarked  against  SPS  mea¬ 
surements. 

2  INSTABILITIES 

Instabilities  due  to  electron  cloud  have  been  seen  in  the 
SPS  with  the  LHC  beam  since  1999  [2,  3].  In  the  horizon¬ 
tal  plane,  we  observe  a  coupled-bunch  instability,  whose 
wave  length  is  comparable  to  the  length  of  a  72-bunch  train 
(called  ‘batch’).  The  growth  time  is  about  1  ms  (50  turns) 
and  nearly  independent  of  the  bunch  population.  We  be¬ 
lieve  that  the  coupled  bunch  wake  in  the  horizontal  plane  is 
caused  by  the  spatial  structure  of  the  electron  cloud,  which 
is  concentrated  in  the  form  of  two  vertical  stripes  on  either 
side  of  the  beam,  slowly  following  the  beam  motion.  The 
coherent  and  incoherent  components  of  the  flat-chamber 
impedance  can  add  to  the  electron-cloud  wake  [4].  In  the 
vertical  plane  a  single-bunch  instability  is  observed.  Its 
growth  time  is  about  2  ms  (100  turns)  at  the  nominal  LHC 
intensity,  and  it  changes  strongly  with  beam  current.  Coun¬ 
termeasures  that  were  taken  include  the  transverse  damper 
system,  which  acts  against  the  coupled-bunch  instablity, 
and  a  high  chromaticity,  up  to  20  units,  suppressing  the 
single-bunch  effect.  Most  successful,  however,  was  a  ded¬ 
icated  10-day  scrubbing  run  in  2002,  initially  accompa¬ 
nied  by  an  extensive  electron-cloud  activity  and  a  high  vac¬ 
uum  pressure,  in  the  course  of  which  the  secondary  emis¬ 
sion  yield  of  the  vacuum  chamber  decreased  substantially. 
However,  at  the  end  of  the  scrubbing  run,  the  electron- 
cloud  threshold  was  still  about  20%  lower  than  the  nominal 
LHC  intensity. 

We  can  translate  these  observations  to  the  LHC,  by  ap¬ 
plying  simplified  scaling  laws.  The  growth  rate  for  the 
coupled  bunch  instability  is  roughly  approximated  by  [5] 
1/r  «  27rrp/5cpei/7-  Taking  an  SPS  beta  function  of 
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^sps  ^  40  m  and  a  beam  momentum  of  PSPS  ^  26GeV/c, 

the  1  ms  growth  time  at  injection  into  the  SPS  corresponds 
to  an  average  electron  density  of  pei  3  x  10^^  m”^. 
Assuming  the  same  value  of  peh  /^lhc  «  100  m,  and 
Plhc  ^  450  GeV/c,  at  injection  into  the  LHC  the  growth 
time  would  be  5  ms  (50  turns).  This  number  is  compara¬ 
ble  to  the  LHC  feedback  damping  time.  The  TMCI-like 
single-bunch  instability  has  a  threshold  [6] 


.^6,thr  ^ 


^Qsbxhy  2Lsep 

~lc 


(1) 


Inserting  the  synchrotron  tunes  Qsps  ^  0.003  or  Qlhc  ^ 
0.006,  the  circumferences  Csps  ~  6.9  km  or  Clhc  ^  27 
km,  the  bunch  spacing  Lgep  ^  7.5  m,  the  chamber  half 
apertures  {hxhy)sps  ^  1*3  x  10“^  m^  or  {hxhy)hPLC  ~ 
4  X  10"^  m^,  the  beta  functions  ^sps  «  40  m  or  ^lhc  ^ 
100  m,  and  the  momenta  psps  26  GeV/c  orpLHC  ^  450 
GeV/c,  we  find  a  threshold  bunch  population  of  A'thr,sps  ^ 
4  X  10®  for  the  SPS,  and  iVthr.LHC  5^  1  x  10^^  for  the  LHC. 
Thus,  the  LHC  beam  is  expected  to  be  25  times  more  sta¬ 
ble  vertically  than  the  SPS  beam,  for  the  same  electron  line 
density.  In  the  worst  possible  case,  with  strong  multipact¬ 
ing  all  around  the  entire  LHC  circumference,  the  threshold 
will  be  reached  close  to  the  LHC  design  intensity.  The  ac¬ 
tual  threshold  observed  in  the  SPS  is  the  threshold  for  mui- 
tipacting  and  not  the  instability  threshold  for  a  saturated  (or 
constant)  electron  cloud  density  calculated  above. 

Some  uncertainties  however  remain.  Direct  simulations 
of  the  single-bunch  instability  in  the  LHC  using  the  code 
HEADTAIL  [7]  yield  the  emittance  growth  rate  as  a  func¬ 
tion  of  electron  density.  The  result  is  illustrated  in  Fig.  1. 
The  emittance  growth  steeply  increases  with  the  electron 
density.  Hpwever,  even  the  smallest  growth  rates  in  Fig.  1 
represent  a  significant  emittance  dilution  over  the  time 
scale  of  the  LHC  injection  plateau  (20  minutes)  or  in  colli¬ 
sion  (24  hours).  It  is  peculiar  that  there  is  no  threshold.  The 
origin  of  the  simulated  emittance  growth  is  presently  under 
study,  and  it  is  further  discussed  in  a  companion  paper  [9]. 


3  VACUUM 

While  in  the  SPS  the  electron  cloud  manifests  its  pres¬ 
ence  by  a  large  pressure  increase  [10],  the  situation  may  be 
the  opposite  in  the  warm  sections  of  the  LHC  (about  20%  of 
the  circumference),  where  the  vacuum  chambers  are  coated 
by  TiZrV  getter,  with  a  sticking  coefficient  of  1  for  ions. 
The  reason  is  that  not  only  ionization  by  the  beam  can  con¬ 
tribute  to  the  pumping  of  the  residual  gas  [11],  but,  more 
importantly,  ionization  by  the  low-energy  electron.  At  sat¬ 
uration,  the  average  number  of  electrons  roughly  equals 
that  of  the  protons  [12].  Then  the  linear  pumping  speed 
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Figure  1 :  Simulated  LHC  emittance  growth  rates  in  %/s 
vs.  average  cloud  density  [8], 

of  the  electron  cloud  is  S'iin,e-  ^  cTeh/^j  where  h  denotes 
the  beam  current  and  the  ionization  cross  section  cTg  for 
the  low-energy  electrons  is  two  orders  of  magnitude  larger 
than  that  of  the  ultra-relativistic  protons  (100-400  Mbam 
instead  of  0.4-2  Mbam).  The  estimated  electron  pumping 
is  ^  20  ls"^m“^A'"^  fori?2  and  1301s”^m“^A”^ 
for  methane,  which  will  reduce  the  pressure. 

4  BUILD  UP  AND  HEAT  LOAD 

The  build-up  of  an  electron  cloud  along  an  LHC  bunch 
train  (batch)  has  been  simulated  using  the  ECLOUD  code 
[13].  Results  for  different  bunch  intensities  both  in  dipoles 
and  field-free  regions  are  displayed  in  Figs.  2  and  3.  At  first 
the  electron  density  increases  as  a  function  of  bunch  inten¬ 
sity;  it  reaches  a  maximum  for  bunch  intensities  between 
about  8  X  10^°  and  10^^;  for  even  higher  bunch  intensities 
it  decreases  again.  This  non-monotonic  dependence  might 
be  related  to  the  ‘lock-out’  regime  of  S.  Heifets  [14], 


Figure  2:  Electron  line  density  as  a  function  of  time  during 
the  passage  of  a  batch  in  an  LHC  dipole,  for  6 max  =  1.3, 
^max  =  187.5  eV  and  different  bunch  intensities. 

A  firm  commissioning  constraint  for  the  LHC  is  the  heat 
load  deposited  on  the  cold  bore  of  the  arc  chamber.  Fig¬ 
ure  4  shows  the  simulated  average  LHC  arc  heat  load  as 
a  function  of  the  bunch  intensity  for  two  different  values 
of  ^max.  Also  indicated  is  the  available  cooling  capacity, 
which  decreases  for  higher  intensities  due  to  the  enhanced 
heating  by  synchrotron  radiation  and  image  currents.  For 
a  maximum  secondary  emission  yield  6ma.x  =  LI,  the 


Figure  3:  Electron  line  density  as  a  function  of  time  during 
a  batch  passage  in  an  LHC  field-free  arc  region,  for  <5 max  = 
L3,  Cmax  =  187.5  eV  and  different  bunch  intensities. 


threshold  at  which  the  simulated  heat  load  surpasses  the 
cooling  capacity  is  equal  to  the  ultimate  LHC  intensity  of 
Nt  «  1.7  X  10^^.  For  ^max  =  1.3  the  simulated  thresh¬ 
old  drops  to  iVt  ^  5  X  10^°,  about  half  the  nominal  design 
intensity.  These  numbers  agree  to  within  about  20%  with 


N.(10^«) 


Figure  4:  Average  LHC  arc  heat  load  simulated  in  2003 
and  cooling  capacity  as  a  function  of  bunch  population  N^. 

The  exact  modelling  of  the  elastic  electron  reflection  be¬ 
tween  0  and  10  eV  is  still  uncertain.  Recent  measurements 
[15]  indicate  that  the  probability  of  elastic  reflection  may 
approach  1  in  the  limit  of  0  incident  energy,  while  in  our 
present  parametrization  this  probability  varies  roughly  be¬ 
tween  0.2  and  0.6  depending  on  the  value  of  Jmax-  Modify¬ 
ing  the  low-energy  reflectivity  would  increase  the  predicted 
heat  load  and  could  enlarge  the  simulated  survival  times. 

5  SPS  BENCHMARKS 

In  2002,  a  discrepancy  between  the  measured  and  simu¬ 
lated  location  of  the  electron-cloud  stripes  in  a  dipole  field 
has  been  a  major  concern.  The  stripes  occur  in  the  region 
with  maximum  multipacting,  and  their  position  is  sensitive 
to  details  of  the  secondary  emission.  After  a  revision  of  the 
ECLOUD  code,  we  now  obtain  a  satisfactory  agreement,  at 
the  10-15%  level.  A  comparison  of  the  measured  [10]  and 
newly  simulated  horizontal  stripe  position  as  a  function  of 
bunch  intensity  can  be  found  in  [8, 16].  Figure  5  unveils  the 
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sensitivity  of  the  electron  position  to  rather  small  changes 
in  the  dipole  magnetic  field,  and  also  the  effect  of  changing 
the  maximum  secondary  emission  yield.  The  latter  does 
not  affect  the  position  of  the  stripes,  but  alters  the  overall 
electron  flux  to  the  wall. 


X  [m] 


Figure  5:  Simulated  electron  flux  vs.  horizontal  position  x 
in  the  SPS  for  an  intensity  of  iVb  =  1.2x  10^^,  twodifferent 
magnetic  fields  and  yields  (Jmax-  The  beam  is  at  a:  =  0. 

The  simulated  energy  distribution  of  electrons  imping¬ 
ing  on  the  chamber  wall  is  shown  in  Fig.  6.  For  a  field  of 
100  G  the  distribution  has  a  maximum  at  200  eV,  in  good 
agreement  with  observations  [10].  Simulated  and  measured 
energy  spectra  above  30  eV  also  agree  well  without  mag¬ 
netic  field  [8,  10].  Electrons  at  energies  below  30  eV  have 
not  been  measured  and  are  not  included  in  Fig.  6.  However, 
in  the  simulation  the  overwhelming  majority  of  the  incident 
electrons  are  at  these  low  energies. 


Figure  6:  Simulated  electron  energy  distribution  at  the  wall 
for  a  dipole  field  in  the  SPS. 


The  measured  and  simulated  absolute  flux  of  electrons 
onto  the  chamber  wall  was  compared,  considering  only  the 
electrons  of  energy  larger  than  20  eV,  for  the  passage  of  1- 
3  batches  [8].  For  any  number  of  batches,  in  a  dipole  field 
the  measured  flux  is  about  6  times  lower  than  simulated. 
This  difference  may  be  due  to  the  limited  energy  and  mo¬ 
mentum  acceptance  of  the  strip  detector.  In  a  100-G  field 
the  cyclotron  radius  is  p  ^  750  p,m  at  5  eV  and  3.4  mm  at 
100  eV.  These  values  are  comparable  to  the  chamber  hole 
radius  of  1  mm.  Also  the  partial  suppression  of  the  cloud 
build  up  by  the  detector  itself  could  contribute  to  the  dis¬ 
crepancy.  However,  in  the  case  without  magnetic  field  the 


difference  between  simulations  and  measurement  is  much 
larger,  about  a  factor  35.  This  could  indicate  that  we  do  not 
model  the  field-free  case  correctly. 

For  the  successful  commissioning  of  the  LHC  a  reliable 
prediction  of  the  heat  load  in  the  cold  part  of  the  machine 
is  important.  Several  warm  and  cold  calorimeters  were  in¬ 
stalled  in  the  SPS  [17],  whose  purpose  is  to  measure  the 
actual  heat  load  for  different  apertures,  temperatures,  and 
beam  conditions.  Their  results  serve  as  a  benchmark  for 
the  simulations.  Extensive  measurements  were  performed 
for  different  numbers  (1-4)  of  LHC  batches.  The  mea¬ 
sured  heat  loads  [17]  span  a  wide  range,  extending  from 
30  mW/m  for  1  batch  in  a  warm  large-aperture  calorimeter 
to  8  W/m  for  3  batches  in  a  cryogenic  environment.  Within 
the  large  scatter  of  the  experimental  data  points,  the  mea¬ 
surements  are  consistent  with  the  simulations  for  ail  the 
cases  compared.  However,  the  exact  value  of  the  secondary 
emission  yield  in  the  calorimeters  is  not  precisely  known 
and  can  rapidly  change  during  beam  operation,  so  that  in 
some  cases  the  experimental  data  fluctuate  by  a  factor  of 
10.  Measurements  and  simulations  disagree  on  the  effect 
of  a  magnetic  field.  The  simulated  heat  load  is  maximum 
without  field,  while  the  observed  one  is  two  times  higher  at 
100  G.  Further  benchmarking  studies  are  planned  for  2003. 

6  CONCLUSIONS 

Over  the  last  three  years  an  enormous  progress  has  been 
made  at  CERN  in  electron-cloud  diagnostics,  beam  mea¬ 
surements,  and  simulations.  In  general,  the  observations 
and  simulations  appear  consistent.  The  successful  suppres¬ 
sion  of  the  electron  cloud  in  the  SPS  lends  further  confi¬ 
dence  that  we  will  be  able  to  cure  it  in  the  more  challeng¬ 
ing  environment  of  the  LHC,  with  a  cold  vacuum  system,  a 
reduced  clearing  gap,  and,  at  higher  beam  energies,  a  large 
number  of  primary  photo-electrons  from  synchrotron  radi¬ 
ation.  Most  open  questions  are  under  investigation. 
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Abstract 

Beam  loss  and  emittance  dilution  during  ramping  from 
injection  to  collision  energy  is  observed  in  the  Tevatron, 
now  in  its  collider  run-II  stage.  It  is  well  known  that  the 
sextupole  {b2)  components  in  the  superconducting  dipole 
magnets  decay  during  the  injection  plateau  and  snap  back 
rapidly  at  the  start  of  the  ramp.  These  so  called  dynamic 
effects,  which  were  originally  discovered  in  the  Tevatron, 
are  compensated  with  the  chromaticity  correctors, 
distributed  around  the  ring.  Imperfect  control  of  the 
chromaticity  during  injection  and  snapback  can  contribute 
to  the  beam  loss.  Therefore  a  thorough  investigation  of 
the  b2  compensation  in  the  Tevatron  was  launched, 
including  beam  chromaticity  measurements  and  offline 
magnetic  measurements  on  Tevatron  dipoles.  This  paper 
reports  the  status  of  this  investigation.  A  companion  paper 
describes  in  detail  the  results  of  the  mkgnet  measurements 

[1] .  This  work  was  partly  conducted  as  a  collaboration 
between  FNAL  and  CERN. 

1  TEVATRON  B2  COMPENSATION 

Sextupole,  b2,  (and  other)  magnetic  components  are 
present  in  the  774  Tevatron  dipole  magnets  at  a  level  of 
several  units  of  10"^  of  the  main  field.  This  is  a  well 
known  feature  of  accelerator  magnets.  In  fact,  one 
differentiates  between  geometric,  hysteretic  and  dynamic 
b2  contributions.  The  simple,  compact  ends  of  the 
Tevatron  dipoles  have  a  strong  negative  ^2,  which  is 
compensated  by  a  built-in,  positive  b2  of  ~14  units  in  the 
body  section,  such  as  to  give  zero  average  geometric  b2 

[2] .  The  hysteretic  b2  loop  evolves  around  the  geometric 
b2.  The  loop  shape  is  more  or  less  invariant  (depending 
only  weakly  on  magnet  temperature  and  ramp-rate). 
During  constant  excitation  such  as  at  injection  the  b2 
drifts  and  snaps  back  rapidly  whenever  the  ramp  starts. 
These  dynamic  effects  in  superconducting  magnets  are  the 
result  of  (slowly)  changing  current  distributions  among 
the  superconducting  strands  forming  the  Rutherford  cable 
from  which  the  coils  are  wound.  These  changing  current 
distributions  cause  local  magnetic  field  changes  that  in 
turn  cause  changes  in  the  magnetization  response  of  the 
superconductor.  The  current  imbalances  within  the  cable 
also  affect  the  bore  field  directly,  producing  a  sinusoidal 
field  pattern  along  the  magnet,  with  the  cable  twist  pitch 
as  period.  This,  however,  is  believed  to  be  irrelevant  to  the 
beam,  because  the  cable  pitch  is  short  (~6.4cm). 


♦Supported  by  the  Universities  Research  Association,  Inc.,  under 
contract  DE-AC02-76CH03000  with  the  U.S.  Department  of  Energy 
*pbauer@fhaI.gov 


The  chromaticity  (4)  correctors  in  the  Tevatron 
compensate  for  all  of  the  above  effects  as  well  as  the 
natural  chromaticity  of  the  ring  and  provide  a  chosen  ^ 
set-point  (~8-20  units).  They  are  placed  next  to  the  arc 
quadrupoles,  therefore  referred  to  as  defocusing  (SD)  or 
focusing  (SF).  According  to  recent  measurements  1  unit 
of  62,  left  uncompensated,  produces  26.227-23.92  units  of 
horiz./vert.  chromaticity,  [3].  The  dynamic  62 
compensation  has  been  fine-tuned  over  many  years.  It 
retained,  however,  the  characteristic  logarithmic  time 
dependence  of  the  drift  amplitude  during  the  injection 
porch,  (1),  where  the  offset  and  slope  depend  on  the  pre¬ 
cycle  parameters  (the  time  on  the  back-porch,  tsp,  and  the 
flat-top,  trd’  The  beam-less  pre-cycle  is  necessary  to 
homogenize  the  ramping  history  of  all  magnets  and  hence 
bring  the  machine  into  a  reproducible  state  that  allows  to 
use  (1).  A  schematic  of  the  pre-cycle  is  shown  in  Fig.  1. 

b^^^ (/, tpY  Jbp)-  hjni )  +  ^i^FT > ^5? ^ ^ ) 

The  62  drift  amplitude  increases  with  shorter  pre-cycle 
back-porch  and  longer  pre-cycle  flat-top.  Further  details 
regarding  the  trends  of  the  62  drift  parameters  with  the 
pre-cycle  conditions  can  be  found  in  [1].  During  the  first 
seconds  of  the  ramp,  the  snapback  occurs,  which,  on  the 
basis  of  magnetic  measurements  performed  in  1996,  [4], 
is  calculated  for  the  Tevatron  62  algorithm  with  (2), 


where  62"^'^'  is  computed  with  (1)  for  i=tjp,  the  injection 
porch  duration  and  to,  the  snapback  duration  (now  6  sec). 
Note  that  the  dynamic  62  correction  in  the  Tevatron  plays 
out  on  top  of  that  for  the  geometric  and  hysteretic  62 
components.  It  is  therefore  customary  to  present  the  62 
drift  and  snapback  without  the  other  contributions.  This 
implies  the  removal  of  the  small  ('-O.l  unit)  change  of 
hysteretic  62  during  the  snapback  phase  (150-156  GeV). 

2  MEASUREMENTS  ON  MAGNETS 

Fig.  1  shows  recent  rotating  coil  measurements  at 
Fermilab’s  Magnet  Test  Facility  of  the  62  in  the  body  of 
several  Tevatron  dipoles  as  a  function  of  beam  energy 
(transfer  function:  980  GeV  =  4332.57  A  =  4.306  T).  The 
measurements  were  taken  after  the  same  pre-cycle  as  for  a 
usual  Tevatron  shot  setup  {tpf^20  min  “dry-squeeze”  , 


1- 


(2) 
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tBp=l  mirif  see  insert  in  Fig.  1).  The  dynamic  effects 
during  the  injection  and  back-porch  plateaus  are  clearly 
visible  (and  they  are  shown  more  explicitly  in  Fig.  2).  To 
be  representative  of  the  Tevatron  the  geometric  b2  for 
each  magnet  shown  in  Fig.  1  was  removed  and  replaced 
by  the  average  geometric  b2  of  all  Tevatron  dipoles,  as 
derived  from  the  archived  measurements  performed 
during  magnet  production  [5].  The  average  b2  of  all 
Tevatron  dipoles  installed,  according  to  the  archive  data 
was  calculated  to  be  1.47  units.  Fig.  1  also  shows  the 
average  hysteretic  b2  for  all  magnets  installed  as  derived 
from  the  magnetic  measurement  archive.  Note,  however, 
that  the  measurements  at  production  were  performed  only 
at  0.66/150,  2/452  and  4/905  kA/GeV,  after  stopping  of 
the  ramp.  This  resulted  in  an  unknown  amount  of  b2  drift 
such  that  the  archive  data  are  expected  to  underestimate 
the  width  of  the  b2  loop,  especially  at  injection  (150 
GeV).  The  b2  data  in  Fig.  1,2  were  corrected,  where 
needed,  for  temperature  such  as  to  be  representative  of  the 
4  K  average  Tevatron  magnet  temperature.  The 
temperature  correction  consisted  in  removing  the 
geometric  and  scaling  the  entire  loop  with  an 
experimentally  derived  scaling  factor  (— 15%/°K,  [1]). 


Figure  1:  b2  loops  measured  in  Tevatron  dipoles  and 
average  b2  loop  as  expected  from  archive  data. 


Fig.  2  contains  the  same  data  as  Fig.  1,  except  that  it 
shows  the  b2  drift  during  a  30  min  injection  porch, 
followed  by  the  snapback  together  with  the  Tevatron  b2  fit 
(equations  1,2),  In  one  case  the  measurement  was 
obtained  with  Hall-probes,  which  were  introduced 
through  the  other  end  of  the  magnet.  The  Hall-probe 
array,  which  reads  data  at  10  Hz,  was  supplied  by  CERN. 
All  snapback  data  were  baseline  corrected,  i.e.  the 
geometric  and  hysteretic  b2  were  removed  from  the  data 
such  as  to  show  the  pure  snapback. 

It  is  important  to  note  that  both  Fig.  1  and  Fig.  2  show  a 
significant  magnet-to-magnet  spread  in  the  b2 
characteristics.  Magnetic  measurement  data  from  a  small 
number  of  magnets  are  therefore  not  representative  of  the 
accelerator.  A  separate  study  of  the  b2  using  beam  based 
methods  is  required  to  obtain  the  average  b2 
characteristics  of  the  machine.  Such  measurements  will  be 
discussed  next.  Fig.  2  indicates,  however,  that  the 
snapback  fit  used  in  the  Tevatron  appears  to  underestimate 


Time  (sec) 

Figure  2:  b2  drift  and  snapback  measured  in  Tevatron 
dipoles  after  a  standard  pre-cycle.  Note  that  the  time  for 
the  drift  data  is  on  a  log  scale.  For  TCI 220  both  rotating 
coil  and  Hall  probe  snapback  data  are  shown. 

the  duration  of  the  snapback.  As  discussed  in  [1]  a 
Gaussian  would  fit  better.  The  discrepancy  of  magnet  data 
and  the  logarithmic  fit  at  the  start  of  the  drift,  however,  is 
irrelevant  for  accelerator  operation  (and  can  easily  be 
adjusted  by  shifting  the  time  scale  in  the  In-function). 

3  BEAM  BASED  MEASUREMENTS 

The  following  describes  beam  based  chromaticity 
measurements  performed  recently,  not  only  during  the 
injection  porch,  but  also  dxiring  the  ramp  [3].  The 
derivation  of  the  average  magnet  b2  from  the  beam 
chromaticity  assumes  that  the  measured  chromaticity 
(^meas)  is  givcn  as  the  sum  of  the  natural  chromaticity 
(^nat),  the  b2  in  the  dipole  magnets  (^b2mag)  and  the 
(compensating)  b2  supplied  by  the  sextupole  correctors 
(^b2corr)  as  in  (3). 

^tot,i  “  ^measj  ~  ^natj  ^blmagj  '^^blcorrj  ^  y 

The  natural  chromaticity  was  calculated  with  a  MAD 
Tevatron  lattice  model  (-29  units).  The  b2  corrector 
currents  were  converted  to  b2  with:  1  xmit  of  b2  =  — 0.496 
/  -0.765  A  in  the  SF,  /  SD  correctors  [3].  The  chromaticity 
measurements  were  performed  with  an  un-coalesced 
proton  beam  on  the  center  orbit.  The  Tevatron  was 
prepared  with  a  standard  pre-cycle  (20  min  flat-top,  1  min 
back-porch).  After  injecting  the  beam,  tunes  were 
measured  as  a  function  of  time  during  the  injection  porch 
as  well  as  up  the  ramp  with  the  Schottky  pick-up.  A  sec¬ 
time  resolution  was  obtained  using  a  fast  buffer  digital 
oscilloscope  in  the  time  capture  mode.  This  measurement 
(including  the  beam-less  pre-cycle)  was  performed  for 
different  RF  frequency  settings  (4^-20,  0,  +20  Hz  from 
nominal).  The  derivative  of  the  tunes  as  a  function  of  RF 
frequency  gives  the  instantaneous  chromaticity.  Therefore 
each  measurement  required  three  Tevatron  cycles 
(including  the  pre-ramp). 

Fig.  3  shows  the  results  of  different  chromaticity 
measurements  performed  during  the  ramp  to  collision. 
Note  that  the  first  part  of  the  beam  derived  />2-curve  is  the 
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snapback,  which  is  shown  again  in  Fig.  4  in  the  case  of 
the  Dec  4*  data.  The  drift  amplitude  in  the  Sept  18*  case 
is  larger,  presumably  due  to  a  longer  dwell  at  injection 
(this  parameter  was  not  recorded  in  this  measurement). 
The  average  hysteretic  up-branch  as  derived  from  the 
Tevatron  magnetic  measurement  archive  (such  as  in  Fig  1) 
is  shown  also.  The  brackets  ascribed  to  each  point 
represent  the  a  of  the  width-distribution  of  the  b2  loops  of 
all  dipoles  installed.  One  can  see  that  the  average  magnet 
b2  predicted  on  the  basis  of  the  ^  measurement  is  close  to 
the  expected.  Also  note  that  the  measurement  performed 
on  Sept  18*  did  not  use  the  oscilloscope  time  capture 
mode  to  record  the  tune  data,  but  the  tunes  were  read  from 
the  oscilloscope  display,  therefore  introducing  a  larger 
error  (estimated  at  ±  0.5  b2  units). 


Figure  2:  b2  up  the  ramp  as  derived  from  beam 
chromaticity  measurements  and  expected  average  of  all 
magnets  installed  derived  from  magnetic  measurement 
archive  (brackets  represent  a  of  loop  width  distribution). 

Fig.  4  shows  the  b2  snapback  measured  during  one  of 
the  beam  studies  presented  in  Fig.  3,  for  2  different 
injection  porch  (IP)  durations  (20,  120  min).  As  with  the 
magnet  data  the  hysteretic  and  geometric  b2  were 
removed  from  the  data  by  extrapolation  of  the  160  and 
200  GeV  data  to  the  lower  energy  snapback  phase.  These 
tests  were  performed  to  see  the  effect  of  different  drift 
amplitudes  on  the  Tevatron  b2  compensation  (in  the  120 
min  IP  case  the  b2  drifts  25%  more  than  in  the  20  min 
case).  A  correlation  between  drift  amplitude  and  the  field 
(current,  beam  energy)  at  which  the  snapback  is  complete 
is  expected  on  the  basis  of  the  existing  dynamic  effect 
models  and  was  observed  in  the  LHC  dipoles.  In  fact  this 
correlation  allows  for  a  novel  approach  in  b2 
compensation,  which  consists  of  predicting  the  snapback 
on  the  basis  of  b2  measurements  just  before  ramping. 
Fig.  4  indeed  shows  that  the  snapback  takes  slightly 
longer  in  the  120  min  IP  case.  The  difference  is  not  as 
distinct  as  the  difference  in  drift  amplitude  because  the 
parabolic  current  ramp  time-compresses  the  end  of  the 
snapback.  A  plot  of  the  snapback  in  terms  of  magnet 
current  reveals  that  the  120  min  IP  case  takes  25%  more 
current  to  snap  back  [5].  The  two  curves  in  Fig.  4  also 
show  a  difference  between  the  fit  and  the  data  for  the  drift 
amplitude. 


Figure  4:  b2  snapback  derived  from  chromaticity 
measurements  after  a  20  min  and  a  120  min  IP.  Dashed 
lines:  Tevatron  b2  compensation  algorithm  (equation  1,2). 

4  SUMMARY  AND  OUTLOOK 

The  comparison  of  magnetic  measurements  on  some 
Tevatron  dipoles,  the  expected  average  Tevatron  magnet 
characteristics  derived  from  the  magnetic  measurement 
archive  and  beam  based  b2  measurements  have  so  far 
shown  that  the  current  Tevatron  b2  compensation  works 
reasonably  well  in  what  refers  to  the  geometric  and 
hysteretic  b2  components.  There  is,  however, 
experimental  evidence  suggesting  that  the  dynamic  b2 
compensation  can  be  improved.  In  particular  magnet 
measurements  indicate  that  the  b2  snapback  is  better 
described  by  a  Gaussian  function  than  the  polynomial  that 
is  currently  in  use  and  that  today’s  fit  under-estimates  the 
snapback  duration.  It  is  hoped  that  the  implementation  of 
an  improved  functional  form  of  the  b2  compensation  will 
reduce  emittance  groAvth  and  beam  loss.  The 
measurements  also  confirmed  that  the  b2  drift  amplitude 
and  the  snapback  time  are  correlated  as  observed  in  LHC 
dipoles.  This  allows  for  a  novel  b2  compensation  scheme, 
which  was  actually  proposed  for  the  LHC,  and  which  uses 
on-line  chromaticity  measurements  during  injection  to 
predict  the  snapback.  Such  an  approach  could  also  be  of 
interest  for  the  Tevatron,  making  use  of  the  recently 
developed  head-tail  chromaticity  monitors,  [6]. 
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Abstract 

Detailed  simulations  were  performed  on  beam  loss  rates 
in  the  vicinity  of  the  Tevatron  Collider  detectors  due  to 
beam-gas  nuclear  elastic  interactions.  It  turns  out  that  this 
component  can  drive  the  accelerator-related  background 
rates  in  the  CDF  and  D0  detectors,  exceeding  those  due  to 
outscattering  from  collimation  system,  inelastic  beam-gas 
interactions  and  other  processes  [1,  2].  Results  of  realis¬ 
tic  simulations  with  the  STRUCT  and  MARS  codes  are  pre¬ 
sented  for  the  interaction  region  components  and  the  CDF 
and  D0  detectors.  It  is  shown  that  a  steel  mask  placed  up¬ 
stream  of  the  detectors  can  reduce  the  background  rates  by 
almost  an  order  of  magnitude. 

INTRODUCTION 

Even  in  good  operational  conditions  in  an  accelerator, 
some  particles  leave  the  beam  core  producing  a  beam  halo. 
This  happens  because  of  beam-gas  interactions,  intra-beam 
scattering,  proton-antiproton  collisions  in  the  interaction 
regions  (IP),  and  particle  diffusion  due  to  RF  noise,  ground 
motion  and  resonances  excited  by  the  accelerator  magnet 
nonlinearities  and  power  supplies  ripple.  As  a  result  of  halo 
interactions  with  limiting  apertures,  hadronic  and  electro¬ 
magnetic  showers  are  induced  in  accelerator  and  detector 
components  causing  excessive  backgrounds  in  the  detec¬ 
tors.  A  two-stage  collimation  system  has  been  developed 
for  the  Tevatron  Run  II  [3]  to  reduce  uncontrolled  beam 
losses  in  the  machine  to  an  allowable  level.  About  0.1%  of 
primary  particles  hitting  the  collimators  are  scattered  back 
into  the  beam  pipe  causing  collimation  system  inefficiency. 
These  particles  are  lost  mostly  in  the  high  (3  regions  pro¬ 
ducing  the  CDF  and  D0  detectors  backgrounds. 

The  main  process  of  beam-gas  interaction,  a  multiple 
Coulomb  scattering,  results  in  slow  diffusion  of  particles 
from  the  beam  core  causing  emittance  growth.  These  par¬ 
ticles  increase  their  betatron  amplitudes  gradually  during 
many  turns  and  are  intercepted  by  collimators.  Nuclear 
elastic  beam-gas  scattering  may  increase  particle  betatron 
amplitude  at  one  interaction  to  an  amount  which  exceeds 
the  Tevatron  aperture.  Many  of  these  particles  are  lost 
in  the  accelerator  before  they  reach  collimators  located  at 
5  —  ^cTxyy'  It  turns  out  that  25%  of  them  are  lost  in  the 
vicinity  of  the  IPs  adding  to  the  detector  background. 

A  multi-turn  particle  tracking  through  the  accelerator 
with  elastic  beam  scattering  on  the  residual  gas  and  halo 
interactions  with  the  collimators  is  conducted  with  the 
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STRUCT  code  [4].  All  the  accelerator  components  with 
their  real  strengths  and  aperture  restrictions  are  taken  into 
account.  Using  the  beam  loss  distributions  calculated  this 
way  in  the  vicinity  of  the  Tevatron’s  IPs,  detailed  hadronic 
and  electromagnetic  shower  simulations  with  the  mars  14 
code  [5]  are  performed  in  the  machine,  detector  and  tunnel 
components.  It  is  found  that  short  steel  collimators/masks 
in  the  IPs  would  substantially  reduce  detector  backgrounds 
induced  by  nuclear  elastic  beam-gas  scattering. 

PROTON-NUCLEUS  ELASTIC 
SCATTERING 

The  products  of  inelastic  interactions  of  the  beam  with 
residual  gas  nuclei  are  lost  within  tens  of  meters  after  such 
interactions.  At  the  same  time,  scattering  angles  in  nuclear 
elastic  beam-gas  interactions  are  small  enough  for  protons 
to  travel  much  larger  distances  in  the  accelerator  and  -  if 
not  intercepted  by  collimators  -  resulting  in  their  loss  on 
limiting  apertures.  A  differential  cross  section  of  proton- 
nucleus  (pA)  elastic  scattering  can  be  parameterized  as 

da/dq^  -  -f  ,  (1) 

where  q  =  pO,  p  is  a.  proton  momentum,  0  is  a  scatter¬ 
ing  angle,  Oei  and  Bei  are  a  total  cross  section  and  slope 
of  the  coherent  pA  elastic  scattering  from  the  nucleus  as  a 
whole,  <jqei  and  Bqei  are  a  total  cross  section  and  slope 
of  the  incoherent  pA  elastic  scattering  (scattering  which 
excites  or  breaks  up  the  nucleus).  Total  cross  sections 
of  these  processes  are  calculated  using  the  Glauber  model 
with  inelastic  corrections.  For  a  1-TeV  proton  on  nitrogen, 
aei  =  115  mb  and  aqei  =  25  mb.  The  slope  of  the  coherent 
scattering  is  almost  independent  of  energy  and  can  be  taken 
from  [6]  as  Bei  =  12.85  *  GeV”^.  The  slope  of  the 
incoherent  scattering  is  the  same  as  in  the  pp  elastic  scat¬ 
tering:  Bqei  —  11.0  GeV“^  at  1  TeV.  Differential  cross 
section  of  proton-nitrogen  elastic  scattering  at  1  TeV  is 
shown  in  Fig.  1  (top)  along  with  a  Coulomb  scattering  con¬ 
tribution  calculated  from  the  Rutherford  cross  section  with 
a  Gaussian  nuclear  form-factor.  Note  that  a  total  macro¬ 
scopic  cross  section  of  the  later  process  is  8478  cm^/g,  i.e. 
about  100  times  larger  than  the  corresponding  elastic  cross 
section.  The  quality  of  this  formalism  is  demonstrated  in 
Fig.  1  (bottom)  where  one  can  see  a  good  agreement  with 
data  [6].  Using  the  above  formulae,  one  can  calculate  a 
probability  for  proton  to  scatter  elastically  on  nitrogen  to 
an  angle  larger  than  Omin  due  to  strong  interactions 

We>emin  =  0.0011(e“^^‘®^^*« (2) 
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whereg^^y^  =  )^»  pis  a  proton  momentum  (GeV/c), 

^  is  a  scattering  angle  (radian),  p  and  t  are  a  density  (g/cm^) 
and  thickness  (cm)  of  a  nitrogen  target.  Formula  (1)  was 
implemented  into  the  STRUCT  code  for  studies  of  beam- 
nitrogen  elastic  scattering  described  in  the  rest  of  this  paper 
with  gas  pressure  given  in  a  nitrogen  equivalent. 


Figure  1:  Components  of  the  proton-nitrogen  elastic  dif¬ 
ferential  cross  section  at  1  TeV  (top)  and  comparison  to 
experimental  data  [6]  at  175  GeV/c  (middle  and  bottom). 


1e-10  le-09 

Residual  gas  pressure,  tor 


Figure  2:  Beam  loss  rate  upstream  of  D0  and  B0  as  a 
function  of  an  average  gas  pressure.  Also  shown  are  beam 
losses  upstream  of  D0  and  B0  originated  by  the  collima- 
tion  system. 


beam-gas  induced  particle  loss  in  the  IPs  by  an  order  of 
magnitude.  Details  of  beam  loss  distribution  in  the  D0  and 
B0  regions  are  shown  in  Fig.  4  with  and  without  shadow 
collimator. 
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Figure  3:  Measured  residual  gas  pressure  (top)  and  beam 
loss  distribution  in  the  Tevatron  ring  from  nuclear  elastic 
beam-gas  scattering  (bottom). 


The  simulations  show  that  the  beam  loss  rate  in  the  de¬ 
tector  regions  depends  linearly  on  the  gas  pressure.  Beam 
loss  rate  upstream  of  D0  and  B0  as  a  function  of  an  aver¬ 
age  gas  pressure  is  shown  in  Fig.  2.  A  nuclear  elastic  beam- 
gas  scattering  at  a  gas  pressure  >2x  10”^°  torr  exceeds  the 
beam  loss  in  the  IPs  created  by  tails  from  the  main  collima¬ 
tors.  Most  of  the  particles  are  lost  in  the  separators  and  in 
the  three  dipoles  preceding  the  IPs. 

Fig.  3  shows  the  measured  [7]  residual  gas  pressure  dis¬ 
tribution  in  the  Tevatron  Run  II  along  with  a  calculated 
beam  loss  distribution  in  the  ring. 

We  found  that  a  shadow  collimator  placed  at  13^3,  (dbll 
mm)  and  20ay  (dz6.3  mm)  immediately  upstream  of  the  last 
three  dipoles  preceding  the  IPs  would  allow  to  suppress  the 


BEAM  LOSS  PARTITION 

Beam  loss  rates  in  the  D0  and  B0  regions  due  to  nu¬ 
clear  elastic  beam-gas  scattering  and  large  angle  Coulomb 
scattering  -  both  at  the  average  gas  pressure  in  the  ring  of 
10“^  torr  are  presented  in  Table  1  in  comparison  with 
those  due  to  elastic  pp  interactions  at  the  two  IPs.  As  shown 
in  Fig.  1  (top),  at  angles  responsible  for  beam  loss  in  the 
interaction  regions  (0  >  0.079  mrad),  the  nuclear  elastic 
scattering  cross  sections  are  more  than  an  order  of  magni¬ 
tude  larger  than  the  Coulomb  scattering  cross  section.  As 
a  result,  the  beam  loss  rates  originated  directly  from  the 
beam-gas  Coulomb  scattering  and  elastic  pp  interactions 
are  two  orders  of  magnitude  less  compared  to  the  coherent 
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Figure  4:  Beam-gas  induced  loss  distributions  in  the 
D0  (top)  and  B0  (middle)  regions  with  and  without 
shadow  collimator,  and  proton  hits  at  the  shadow  collima¬ 
tor  (bottom). 


and  incoherent  beam-gas  nuclear  scattering. 


Table  1 :  Beam  loss  rates  upstream  of  D0  and  B0  for  three 
sources  of  particle  scattering. _ 


Source 

Beam  losj 
D0 

rate,  s  ^ 

B0 

Nuclear  elastic  beam-gas 

2.04xl(P 

1.87x10^ 

Large  angle  Coulomb  beam-gas 

2.72  xl(P 

1.40x10'^ 

Elastic  at  two  IPs 

IMxKfi 

1.05x10^ 

BACKGROUNDS  IN  CDF  AND  D0 

Fig.  5  (top)  shows  MARS-calculated  charged  particle  flux 
in  the  CDF  beam  halo  monitor  (BHM)  with  and  without 
collimator.  The  calculations  were  done  with  an  average 
pressure  of  10“^°  torr.  One  sees  that  the  collimator  reduces 
the  rates  up  to  one  order  of  magnitude. 

The  shielding  efficiency  of  a  shadow  collimator  for  rep¬ 
resentative  CDF  subdetectors  is  shown  in  Fig.  5  (bottom) 
as  a  function  of  a  distance  from  the  IP  for  elastic  beam-gas 
scattering  as  a  source.  One  sees  that  such  a  mask  reduces 
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Figure  5:  CDF  BHM  hit  rate  (top)  and  the  main  detector 
absorbed  dose  ratio  with/without  shadow  collimator  as  a 
function  of  a  distance  from  the  IP  (bottom). 

the  backgrounds  in  the  main  detector  by  a  factor  of  4,5  to 
25.  The  Beam  Shower  Counters  (BSC)  are  about  a  few 
centimeters  to  the  beam  pipe,  whereas  BHM  is  at  0.6  m 
and  Plug  at  1  m  from  the  beam  axis. 

CONCLUSIONS 

A  nuclear  elastic  beam-gas  scattering  in  the  Tevatron 
generates  beam  loss  in  the  interaction  regions  not  inter¬ 
cepted  by  the  main  collimation  system  designed  for  clean¬ 
ing  of  slow  growing  beam  halo.  This  beam  loss  -  and  ad¬ 
ditional  background  in  the  D0  and  CDF  detectors  -  is  pro¬ 
portional  to  the  residual  gas  pressure.  These  backgrounds 
are  comparable  at  an  average  gas  pressure  in  the  machine 
of  about  2x10”^^  torr  to  the  backgrounds  due  to  tails  from 
the  collimation  system.  A  proposed  shadow  collimators 
placed  in  a  small  phase  advance  upstream  of  the  last  three 
dipoles  preceding  the  IPs  would  suppress  the  beam  loss  and 
corresponding  backgrounds  in  the  main  detectors  caused 
by  beam-gas  interactions  by  an  order  of  magnitude. 
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Abstract 

In  order  to  achieve  an  increase  in  proton  intensity, 
Fermilab  Main  Injector  will  use  a  stacking  process  called 
"slip  stacking"[l].  The  intensity  will  be  doubled  by 
injecting  one  train  of  bunches  at  a  slightly  lower  energy, 
another  at  a  slightly  higher  energy,  then  bringing  them 
together  for  the  final  capture.  Beam  studies  have  started 
for  this  process  and  we  have  already  verified  that,  at  least 
for  a  low  beam  intensity,  the  stacking  procedure  works  as 
expected[2][3][4].  For  high  intensity  operation, 
development  work  of  the  feedback  and  feedforward 
systems  is  under  way [5]  [6]  [7]. 


INTRODUCTION 

The  Fermilab  Main  Injector  (MI)  accelerates  protons 
and  extracts  them  to  a  target  to  produce  antiprotons.  In 
the  operation  cycle  for  the  antiproton  production,  84 
bunches  are  injected  from  Booster  to  MI.  Bunches  are 
accelerated  from  8GeV  to  120GeV  and  extracted  to  hit 
the  production  target.  The  total  beam  intensity  is  4.5*10*- 
particles  per  pulse  (ppp)  with  a  cycle  of  1.5  sec.  The 
Main  Injector  parameters  are  listed  in  Table  1. 

Run  lib  will  follow  Run  Ila  and  has  a  luminosity  goal 
4.1*10^^  cm'^sec"^  requiring  9.634*10^^  total  antiprotons 
in  the  Tevatron.  In  order  to  achieve  this  goal,  we  need 
9.0*10^^  protons  in  84  bunches  in  the  Main  Injector  for 
antiproton  production.  Higher  proton  intensities  are 
required  to  get  more  antiprotons  and  higher  stacking  rates 
in  the  accumulator.  In  order  to  achieve  this,  we  are 
planning  to  use  a  scheme  called  “slip  stacking”.  With  slip 
stacking,  the  intensity  of  the  bunches  can  be  doubled  by 
injecting  one  bunch  train  at  slightly  lower  energy,  another 
train  at  slightly  higher  energy  and  bringing  them  together; 

Beam  studies  of  the  slip  stacking  process  have  started 
and  we  have  already  established  that  the  stacking 
procedure  works  as  expected. 


Table  1:  Main  Injector  parameters  on  stacking  cycle 


RF  frequency  @  injection 

52.811400Hz 

Proton  energy  @  injection 

8GeV 

Proton  energy  @  extraction 

120GeV 

Harmonic  number 

588 

Transition  gamma 

21.6 

Mean  radius 

528.3m 

♦  Work  supported  by  the  Universities  Research  Assoc.,  Inc.,  under 
contract  DE-AC02-76CH03000  with  the  U.S.  Dept,  of  Energy. 


RF  PARAMETERS 

For  slip  stacking,  we  use  three  different  radio  frequency 
(RF)  systems  and  follow  four  steps.  Step  1:  The  first 
bunch  train  is  injected  from  the  Booster  on  the  central 
orbit  and  captured  by  the  first  RF  system.  To  make  a 
room  for  the  second  bunch  train,  the  first  bunch  train  is 
then  decelerated  until  it  circulates  on  the  inside  of  the 
central  orbit.  Step  2:  The  second  bunch  train  is  injected 
on  the  central  orbit  and  captured  by  the  second  RF 
system.  Step  3:  As  the  two  bunch  trains  have  slightly 
different  energies,  they  can  move  relative  to  each  other. 
Both  bunch  trains  are  accelerated  till  they  are  separated 
by  the  same  amoxmt  from  the  central  energy.  Step  4: 
When  the  two  bunch  trains  coincide  at  the  same 
longitudinal  location,  they  are  captured  by  the  third  RF 
system. 

Since  two  bunch  trains  have  different  energies,  MI 
must  have  an  enough  momentum  aperture  to  accept  both. 
The  momentum  aperture  of  MI  is  -l-/-0.7%  at  injection, 
corresponding  to  the  frequency  separation  of  -l-/-3000Hz 
from  die  central  value  of  52.81 14MHz. 

MI  cavities  and  Injection  Matching 

MI  has  eighteen  53MHz  cavities.  These  are  separated 
into  the  two  groups,  each  with  9  cavities.  Low  level  RF 
(LLRF)  signals  go  to  two  groups  of  cavities  individually. 
For  the  slip  stacking,  we  are  using  one  out  of  9  cavities  in 
each  group  at  injection.  The  RF  voltage  at  injection  is 
adjusted  so  that  one  cavity  produces  62  kV  in  order  to 
achieve  a  low  momentum  spread. 

At  extraction,  the  Booster  RF  voltage  is  380kV,  which 
matches  to  a  MI  injection  voltage  of  IMV  for  normal 
operation.  Since  the  MI  injection  RF  voltage  is  62  kV  for 
the  slip  stacking,  a  bunch  rotation  is  carried  out  in  Booster 
before  extraction  so  that  the  bunch  shape  will  be  matched 
to  the  RF  bucket  of  MI  at  injection.  As  the  Booster  RF 
voltage  is  rapidly  reduced,  the  bunch  starts  to  rotate  in  the 
phase  space.  After  a  quarter  of  synchrotron  period,  the 
bunch  is  injected  into  MI. 

Frequency  Curve 

The  frequency  as  a  function  of  time  is  shown  in  Figure 
1  for  the  first  and  the  second  RF  systems.  The  frequency 
separation  was  kept  at  1200Hz  which  is  enough  to  keep 
the  bunch  shape  unchanged. 

The  first  bunch  train  was  injected  on  the  central  orbit 
with  nominal  frequency  at  0.13msec  and  captured  by  the 
first  RF  system  of  62kV.  At  this  time,  the  frequency  of 
the  second  RF  system  was  1200Hz  higher  than  the  first 
RF  system.  The  first  bunch  was  then  decelerated  to  a 
frequency  1200Hz  lower  than  the  original  value.  After 
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one  Booster  cycle  of  66.7msec,  the  second  train  was 
injected  on  the  central  orbit  and  captured  by  the  second 
RF  system.  After  slipping,  both  bunch  trains  were 
captured  by  all  18  cavities  with  800kV  and  0  frequency 
separation. 


Figure  1:  Frequency  for  first  bunch  train  and  second 
bunch  train  as  a  function  of  time. 

PREVIOUS  BEAM  STUDY 

Two  bunch  trains,  each  with  82  bunches,  were  injected 
into  MI.  The  total  intensity  for  two  trains  was  low, 
0.8*10'^pp,  in  order  to  reduce  beam  loading  effects. 

Figure  2,  a  mountain  range  picture  of  the  signals  from 
the  wall  current  monitor  (WCM),  reveals  the  progress  of 
slip  stacking  from  the  beginning  to  the  end.  The  WCM 
had  a  resolution  of  0.5ns/sample.  The  data  were  obtained 
every  1.42ms  for  0.18s.  There  was  no  beam  loss  during 
the  slip  stacking  process. 

The  length  of  the  first  bunch  of  the  first  bunch  train 
shown  in  Fig.  2  was  used  to  calculate  the  emittance. 
Figure  3  shows  the  calculated  95%  emittance  during 
0.18s.  Since  there  was  an  empty  space  between  upper 
and  lower  bunches,  there  should  be  an  emittance  growth. 
The  emittance  growth  expected  from  simulation  is  a 
factor  of  3.2.  From  the  plot,  we  see  that  there  is  no 
emittance  growth  before  the  two  batches  are  recaptured 
by  one  RF  bucket  but  there  is  a  factor  of  4.0  emittance 
growth  after  the  recapture. 


Figure  2:  Mt  range  plot.  The  signal  came  from  WCM  with 
a  resolution  of  0.5ns/sample.  The  data  were  obtained 
every  1 .42ms  for  0. 1 8s. 


Figure  3:  The  95%  emittance  calculated  by  bunch  length 
shown  in  Fig.2. 

SLIP  STACKING  PHASE  VARIATION 

Frequency  curves  (Fig.l)  applied  to  the  beam  are 
calculated  assuming  that,  at  the  time  of  recapture,  two 
bunch  trains  are  sitting  exactly  on  the  same  longitudinal 
location,  that  is,  two  cavities  are  in  phase.  However,  MI 
slip  stacking  studies  revealed  cycle  to  cycle  variation  in 
the  RF  system  phase  slip.  This  produced  an  imreliable  RF 
voltage  for  recapture. 

The  largest  phase  variation  was  traced  to  timing  jitter 
on  the  720Hz  line  locked  Tevatron  Clock  event.  A  MI 
LLRF  system  Digital  Signal  Processor  (DSP)  generates 
the  frequency  curves  from  user  tuned  tables.  The 
frequency  curves  are  a  function  of  time  and  are  integrated 
by  the  DSP  to  apply  phase  modulation  to  the  RF  systems 
that  slip  the  bunch  trains.  The  DSP  processes  run  at 
720Hz,  23*720Hz,  and  138*720Hz  via  a  scheduler  that  is 
synchronized  with  the  Tevatron  Clock  event  by  a  phase 
lock  loop  (PLL).  As  the  PLL  input  jitters  and  the  DSP 
follows  the  jitter,  the  frequency  curves  output  and  its 
integral  (RF  phase)  varies. 

The  RF  phase  variation  was  reduced  to  0®  by  changing 
the  frequency  curve  generation  from  the  Tevatron  Clock 
time  base  to  accurate  LLRF  internal  time. 

SIMULATION  FOR  RECAPTURE 

To  understand  what  caused  the  emittance  growth  at 
recapture,  simulation  studies  were  carried  out  using  the 
code  ESME[8].  In  the  simulation  studies,  the  time  and 
voltage  to  recapture  bunches  were  varied  to  match  the 
observed  RF  phase  variation. 

The  delay  was  changed  from  0  to  250  psec  causing  a 
+/-60  degrees  phase  variation  and  the  95%  bunch  length 
after  15msec  was  measured.  The  emittance  plotted  in  Fig. 
4  was  estimated  from  the  bunch  length.  It  increased  by  a 
factor  of  3.2  to  7.0  with  increasing  delay.  Since  the  RF 
phase  variation  produced  errors  as  large  as  45  degrees,  it 
could  cause  the  emittance  growth. 
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The  recapture  voltage  was  changed  from  0.5  to  l.OMV 
because  the  voltage  is  changing  from  0.8  to  l.OMV  after 
the  time  to  recapture.  The  95%  emittance  plotted  in  Fig. 
5  shows  the  emittance  growth  by  a  factor  of  3.2  to  3.6. 

By  the  two  simulation  studies,  it  was  verified  that  the 
emittance  growth  was  mainly  due  to  the  RF  phase 
variation  produced  by  the  time  error  of  Tevatron  Clock 
event. 


-005  0  005  0  1  0  15  0.2  0.25  03 

Recac-ture  tin'if'  delay  [msoc] 


Figure  4:  The  estimated  95%  emittance  vs.  recapture 
delay  time. 


Figure  5:  The  estimated  95%  emittance  vs.  recapture  RF 
voltage. 

BEAM  STUDY 

Previous  beam  studies  have  reported  that  there  is  an 
emittance  grovrth  when  two  bunch  trains  are  recaptured. 
Simulation  studies  have  indicated  that  the  emittance 
growth  is  caused  by  variation  in  the  final  RF  system 
phase.  The  phase  variation  was  eliminated  and  the  95% 
longitudinal  emittance  was  measured  again.  A  factor  of 
3.2  in  the  observed  emittance  growth  is  the  same  as 
simulation  results  and  there  is  no  unexpected  emittance 
growth  during  slip  stacking. 

ACCELERATION 

Acceleration  was  also  tried.  Figure  6  shows  the  beam 
intensity  during  beam  acceleration.  Approximately 
1.0*10^^  total  particles  were  injected,  slip  stacked  and 


accelerated  to  120GeV.  There  was  a  beam  loss  of  ~2%  at 
the  beginning  of  acceleration. 

The  emittance  at  120GeV  was  measured.  The  observed 
value  of  0.24eV-sec  is  less  than  the  one  we  currently  have 


Figure  6:  RFSUML:  RF  voltage[MV],  MMNTUM: 
momentum[GeV/c],  IBEMM:  total  beam  intensity  [E12 
PPP] 

CONCLUSION 

Beam  studies  have  stared  for  the  slip  stacking  process, 
and  we  have  already  verified  that,  at  least  for  low  beam 
intensity,  the  stacking  procedure  works  as  expected. 

There  was  no  beam  loss  during  the  process,  but  there 
was  emittance  growth  when  two  bunch  trains  were 
recaptured.  Simulation  studies  have  indicated  that  the 
emittance  growth  is  caused  by  RF  phase  variation. 

The  RF  phase  variation  was  eliminated  and  the 
emittance  was  measured  again.  No  undesirable  emittance 
blow  up  has  been  observed. 

Beam  has  been  accelerated  to  120GeV  with  a  beam  loss 
of '-2%  at  the  beginning  of  acceleration. 

For  higher  intensity  operation,  development  of  the 
feedback  and  feedforward  system  is  under  way. 
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Abstract 

A  record  luminosity  of  4.2 10^^  has  been  reached  at  the 
Fermilab  p-p  collider.  The  lifetime  of  this  luminosity  at 
the  beginning  of  the  store  is  about  10  hours.  This  lifetime 
can  be  explained  by  the  measured  loss  of  anti-protons  and 
protons  due  to  collisions  and  emittance  growths.  We  report 
on  transverse  emittance  growth  rates  based  on  our  Syn¬ 
chrotron  Light  Monitor.  Longitudinal  emittance  growth 
rate  measurements  are  based  on  the  TeV  Sampled  Bunch 
Display  data.  It  is  shown  that  Intra  Beam  Scattering  is  a  sig¬ 
nificant  source  of  emittance  growth  rates.  We  comment  on 
other  possible  factors  for  these  observed  emittance  growth 
rates.  Finally,  we  comment  on  future  luminosity  lifetimes, 
as  we  hope  to  further  increase  our  peak  luminosity. 

INTRODUCTION  &  INSTRUMENTATION 

The  luminosity  lifetime  is  a  critical  factor  in  reaching 
high  integrated  luminosity  at  any  collider[l].  In  this  pa¬ 
per,  we  summarize  the  results  based  on  various  Tevatron 
instruments  and  on  the  various  factors  determining  the  lu¬ 
minosity  lifetime  for  the  pp  Tevatron  collider. 

The  luminosity  is  measured  by  the  CDF  Cerenkov  Lu¬ 
minosity  Counter (CLC)  [2].  The  bunch  intensities  are  mea¬ 
sured  by  the  Fast  Bunch  Integrator  (FBI)  connected  to  a 
wall  current  monitor [3].  Although  this  is  not  the  optimum 
way  to  determine  the  bunch  intensity  due  to  uncertainties  in 
the  measured  offsets  coming  from  the  non-uniform  beam 
structure,  the  precision  of  this  device  is  adequate  to  es¬ 
tablish  the  correlations  shown  below.  The  Sampled  Bunch 
Display  (SBD)[4]  is  used  to  measure  the  longitudinal  pro¬ 
file  of  every  bunch  in  the  Tevatron  ring.  This  device  sam¬ 
ples  at  2  GHz,  performs  Gaussian  fits  and  reports  a  mea¬ 
surement  of  the  bunch  length  for  the  2  x  36  bunches  every 
3  seconds  or  so.  The  transverse  emittances  are  measured 
at  the  beginning  of  the  High  Energy  Physics  phase  (e.g., 
when  the  beam  collides)  with  the  Flying  Wires  (FWs)[5]. 
These  wires  create  background  at  the  experiments,  so  we 
do  not  fly  them  during  the  stores.  Instead,  we  use  the 
Synchrotron  Light  Monitor  (SL)[6],  which  measures  the 
transverse  beam  profile  in  each  plane  without  perturbing 
the  beams.  This  device  reports  each  bunch  transverse  size 
every  15  seconds.  The  emittances  reported  by  FWs  and 
the  SL  are  reproducible  with  a  typical  rms  of  a  few  per¬ 
cent.  However,  the  systematic  error,  or  absolute  scale  un¬ 
certainty,  is  much  larger  (on  the  order  of  30%),  as  indicated 
by  the  effective  emittance  measurement  deduced  from  the 
luminosity  counters  [7] 


The  data  is  collected  via  the  Sequenced  Data  Acquisi¬ 
tion  (SDA)  system.  The  stores  we  consider  here  are  from 
August  2002  through  May  2003. 


LUMINOSITY  LIFETIME 

The  Luminosity  C  recorded  by  the  collider  detectors 
(CDF  and  DO)  can  be  compared  to  the  computed  ones 
based  on  bunch  intensities  and  emittances  [1,  7].  For  a 
given  pp  pair  of  bunches,  this  Luminosity  is 


fN^Np(6Pni) 
47r/?*  ee// 


n{a,/n 


where  /  is  the  revolution  frequency  (47.713  KHz),  Np  Np 
the  proton  and  anti-proton  bunch  intensities,  Piji  are  the 
Lorentz  boost  factor  (1,045  at  980  GeV)  and  ^5*  is  the  beta 
function  at  the  interaction  point  (IP).  H  is  the  hourglass 
factor,  derived  from  the  SBD  bunch  length  measurements. 
The  effective  emittance  eg//  is  expressed  in  terms  of  the 
95%,  normalized  beam  emittances  €p  ep  as 


^eff  —  1/2  ^J{ep  -\-  ep)x  {€p  +  ep)y 

Therefore,  the  normalized  collision  rate  change  vs  time 
for  a  given  pair  of  bunches  (or  the  inverse  of  the  luminosity 
lifetime)  can  be  expressed  as  the  following  sum: 


IfCdCfdt  =  l/Xa  +  l/Xp-\-2/aa{daa/dt)/{l.+ep/ea)  + 

2/ap{dap/dt)/{l.  +  ea/ep)  H-  lIHdHfdt 

where  Aq,  Ap  are  the  anti-proton  and  proton  bunch  inten¬ 
sity  lifetimes,  respectively,  a  a  and  ap  are  the  beam  widths, 
averaged  over  both  transverse  planes  ^ . 

Each  of  these  terms  can  be  determined  from  data.  The 
proton  lifetime  can  be  much  shorter  than  the  inverse  col¬ 
lision  rate  at  the  interaction  points.  The  cause  for  such 
occasional  short  proton  lifetimes  is  not  known  for  certain 
(slightly  incorrect  closed  orbits,  betatron  tunes,  or  non¬ 
linear  resonance  whose  effects  are  possibly  amplified  by 
beam-beam  forces).  For  other  “good  stores”,  the  proton 
lifetime  is  the  smallest  component  in  determining  this  lumi¬ 
nosity  lifetime:  the  p  lifetime  is  typically  16  hours  against 
«>  100  hours  for  the  proton  beam.  The  emittance  terms 
contribute  to  25  hours  for  all  three  planes.  The  self- 
consistency  of  this  simple  derivation  has  been  checked  by 
comparing  the  measured  luminosity  lifetime  to  the  sum  of 

^  We  assume  here  that  the  horizontal  and  vertical  emittance  are  not  too 
different  from  each  other,  which  is  the  case. 
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these  other  quantities,  as  shown  in  figure  1.  Although  rea¬ 
sonably  good  agreement  is  obtained  (5  to  15%,  relative,  on 
the  luminosity  lifetime),  the  effective  emittance  growth  rate 
is  significantly  different  than  the  measured  (SL)  emittance 
growth  rate.  This  is  shown  for  a  good  store  in  figure  2. 
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Figure  1:  Correlation  plot  showing  the  predicted  (based  on 
various  emittance  and  intensity  detectors)  vs  measured  lu¬ 
minosity  lifetime.  One  data  point  corresponds  to  one  pp 
bunch  in  a  given  store.  This  data  was  taken  during  August 
2002.  Similar  results  have  been  obtained  on  recent  stores. 
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Figure  2:  The  effective  emittance  deduced  from  Luminos¬ 
ity  measurement,  averaged  over  all  36  bunches  is  shown 
as  a  function  of  time  during  the  store.  Also  shown  is  the 
average  proton  and  anti-proton  emittances,  reported  by  the 
SL  front-end,  re-scaled  by  a  fixed  factor,  and  the  effective 
emittance  deduced  from  this  SL  data.  Data  was  taken  May 
3, 2003. 


EMITTANCE  GROWTH 
PHENOMENOLOGY 

We  now  concentrate  on  the  emittance  growth  rate  fac¬ 
tors.  Such  growth  rate  =  lledefdt  —  2ra  — 
2/ cr  da/ dt  ^  is  typically  a  few  percent  per  hour,  in  all  three 
planes,  at  the  beginning  of  the  store,  rg  itself  decays  with 
an  approximate  half-life  of  5  hours.  Note  that,  to  first  or¬ 
der,  these  growth  rates  are  insensitive  to  fixed  scale  fac¬ 
tors  in  the  bunch  size  measurements.  Various  sources  of 
emittance  growth  have  been  considered.  We  list  them  here 
in  order  of  decreasing  importance,  starting  with  the  proton 
beam: 

•  Based  on  modeling,  Intra-Beam  scattering  (IBS)  plays 
a  leading  role.  Tentative  evidence  from  the  SL  and 
SBD  data  is  shown  in  the  latter  part  of  the  paper. 

•  Poor  vacuum  in  the  Tevatron:  The  un-coalesced 
(small  longitudinal  emittance  bunches)  proton  beams 
have  a  lifetime  of  about  500  hours.  From  this  and 
direct  pressure  measurements,  we  concluded  that  the 
beam  heating  from  multiple  scattering  on  residual  gas 
is  small  compared  to  IBS  predictions. 

•  We  measured  the  low-level  phase  noise  in  the  r.f.  sys¬ 
tem  and  wrote  a  simple  numerical  simulation  model 
of  the  longitudinal  dynamics  with  such  noise.  There  is 
satisfactory  agreement  between  measured  noise  spec¬ 
tral  density  and  this  model,  once  IBS  is  taken  into 
account[8] 

•  Other  possible  sources  such  as  non-linear  resonances 
or  beam-beam  effects  have  also  been  considered. 
However,  we  do  not  have  firm  quantitative  results,  due 
to  the  inherent  complexity  of  such  simulation.  The 
longitudinal  dampers  stabilize  the  bunches  during  the 
stores.  They  do  not  affect  such  slow  diffusion  pro¬ 
cesses. 

For  the  anti-proton  beam,  IBS  is  less  intense  because  the 
bunch  intensity  is  about  6  to  10  times  smaller  than  for  the 
proton  beam.  However,  we  strongly  suspect  that  beam- 
beam  effects  plays  a  leading  role[9].  In  any  event,  the  trans¬ 
verse  emittance  growth  for  the  anti-proton  beam  is  typi¬ 
cally  less  pronounced  than  for  the  proton  beanr  In  some 
cases,  beam-beam  effects  in  conjunction  with  a  slightly 
wrong  betatron  tune  causes  beam  losses  instead  of  emit¬ 
tance  growth,  given  the  tight  dynamical  aperture. 

We  now  show  that  these  observed  growth 

rates,  for  the  proton  bunches  are  qualitatively  and  semi- 
quantitatively  consistent  with  IBS  predictions.  The  grow 
rates  reported  from  now  on  have  been  measured  for  the 
first  2.5  hours  of  the  stores,  where  such  effects  are  maxi¬ 
mized.  The  correlation  between  the  horizontal  and  longitu¬ 
dinal  growth  rates  shown  on  figure  3  is  statistically  signif¬ 
icant,  although  there  is  a  lot  of  fluctuation  bunch  to  bunch 
and  store  to  store.  A  similar  correlation  between  the  verti¬ 
cal  and  horizontal  growth  rates  has  also  been  observed. 

^in  absence  of  dispersion 
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Longitudinal  Growth  Rate  versus 


Figure  3:  Correlation  plot  showing  the  longitudinal  vs  hor¬ 
izontal  relative  bunch  size  growth  rates.  Out  of  15  stores, 
all  but  two  stores  showed  some  correlations.  For  each  of 
these  13  stores,  there  is  a  probability  of  only  a  few  percent 
that  the  apparent  correlation  is  not  real. 


The  comparison  of  data  vs  the  IBS  model  is  shown  in 
figure  4.  The  correlation  between  predicted  and  measured 
values  is  statistically  significant,  once  we  reject  the  stores 
or  bunches  for  which  the  proton  loss  rate  is  anomalously 
high  compared  to  the  expected  loss  due  to  collisions  at  BO 
and  DO.  Semi-quantitative  agreement  is  also  observed  in 
the  transverse  planes.  In  the  absence  of  betatron  coupling, 
IBS  predicts  no  growth  rate  in  the  vertical  plane.  Since 
we  are  running  with  significant  betatron  coupling,  emit- 
tance  growth  is  indeed  observed  in  both  transverse  planes. 
Despite  the  reduction  of  the  growth  rate  in  the  horizontal 
plane  due  to  this  coupling  effect,  the  IBS  prediction  for 
most  of  the  stores  are  significantly  above  the  measured  val¬ 
ues,  in  the  horizontal  and  longitudinal  plane.  We  suspect 
that  residual  beam  losses  could  account  for  this  discrep¬ 
ancy.  Note  also  that  we  still  have  an  unresolved  discrep¬ 
ancy  between  the  effective  emittance  growth  rates  and  the 
measured  (SL)  emittance  growth  rates  (see  above) . 

CONCLUSION 

The  Luminosity  lifetime  at  the  beginning  of  good  stores 
(i.e.,  small  unknown  beam  losses)  is  about  10  hours,  and 
increases  to  15  to  20  hours  at  the  end  of  the  store.  This 
lifetime  is  quantitatively  15%,  relative)  understood  in 
terms  of  beam  losses  and  emittance  growth.  We  compared 
these  emittance  growth  rates  with  the  IBS  prediction  and 
found  semi-quantitative  agreement,  (w  50%).  This  work 
allows  us  to  have  a  degree  of  confidence  in  the  model  de¬ 
scribing  various  luminosity  upgrade  scenarios[l].  We  are 
planning  to  operate  the  collider  at  a  peak  luminosity  of 
3.3  10^^  by  raising  both  proton  and  anti-proton  beam  in¬ 
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Figure  4:  Correlation  plot  between  the  measured  and  IBIS- 
predicted  longitudinal  relative  bunch  size  growth  rates. 


tensities,  while  preserving  the  current  emittances.  Under 
these  circumstances,  IBS  is  significant  for  both  beams.  The 
luminosity  lifetime  will  then  be  6  hours. 
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Abstract 

Detailed  Monte  Carlo  simulations  are  performed  on  radi¬ 
ation  environment  in  the  LHC  IPS  interaction  region  at  the 
locations  of  the  TOTEM  Roman  Pots  proposed  to  detect 
particles  produced  at  very  small  angles  in  the  elastic  scat¬ 
tering  and  diffraction  dissociation  processes  at  the  LHC. 
Radiation  loads  on  these  detectors  are  calculated  with  the 
MARS  1 4  code  both  of  the  pp-collision  origin  and  beam  loss 
related  (beam-gas  and  tails  from  collimators). 

INTRODUCTION 

The  TOTEM  Roman  Pot  (RP)  detectors  will  measure 
the  total  pp-interaction  cross  section,  elastic  scattering,  and 
diffractive  processes  at  the  LHC  [1].  These  detectors  con¬ 
sist  of  tracking  devices  placed  into  special  units  mounted 
on  the  vacuum  chamber  of  the  accelerator  in  the  very  for¬ 
ward  region  of  the  IPS:  at  145  to  220  m  from  the  CMS 
detector.  Radiation  doses  and  background  particle  rates 
at  the  RP  locations  are  fundamental  inputs  to  their  de¬ 
sign.  The  TOTEM  will  run  at  a  luminosity  not  to  exceed 
10^^  cm“2  s“^,  i.e.,  ten  times  lower  than  nominal.  Re¬ 
sults  of  comprehensive  studies  of  energy  deposition  effects 
due  to  pp-collisions  are  described  in  Ref.  [2].  Accelerator 
related  background  in  the  CMS  detector  was  calculated  in 
Ref.  [3].  Here  we  present  results  of  detailed  calculations 
of  radiation  effects  in  the  forward  detectors  due  to  both  pp- 
collisions  and  beam  loss  for  the  extended  model  based  on 
the  current  version  6.4  lattice  [4].  Operational  beam  loss 
rates  in  the  vicinity  of  the  detectors  are  studied  taking  into 
account  both  realistic  vacuum  distribution  and  apertures  in 
the  entire  machine. 

MODELING  IN  IPS 

A  new  detailed  calculation  model  is  based  on  the  cur¬ 
rent  LHC  lattice,  IPS  component  description  of  Ref.  [2], 
latest  advanced  version  of  the  mars  14  code  system  [5], 
and  upgraded  STRUCT  code  [6].  The  mars  model  of  a 
300-m  long  section  includes  all  the  essential  components 
from  the  IPS  through  the  first  two  MB  dipoles  (Fig.  1).  The 
RP  stations  (Fig.  2)  are  located  at  145,  149,  180,  220,  and 
220.28  m  from  the  IP.  The  last  detector,  RP5,  is  placed  im¬ 
mediately  after  RP4  and  rolled  by  90°  around  the  z-axis. 

Calculations  are  performed  for  the  IP5(R)  section  for  the 
pp-collisions  at  10^^  cm"^  s“^  with  their  products  moving 

*  Work  supported  by  the  Universities  Research  Association,  Inc.,  under 
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Figure  1 :  A  fragment  of  the  IPS  mars  model  with  five  RPs. 
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Figure  2:  Elevation  view  of  the  RP  mars  model. 


in  the  Beam  1  direction.  The  TCL  collimator  in  front  of 
the  Q5  quadrupole  is  in  its  garage  position.  Beam  loss, 
calculated  both  for  Beam  1  and  2,  are  induced  by  interac¬ 
tions  of  a  3.1  X 10^^  proton  beams  with  collimators  in  the 
IP3  and  IP7  and  residual  gas.  A  realistic  vacuum  distribu¬ 
tion  and  both  elastic  and  inelastic  beam-gas  interactions  are 
taken  into  account.  Note  that  a  simplified  pressure  model 
and  inelastic  beam-gas  interactions  only  were  considered 
in  Ref.  [3].  The  residual  gas  density  distributions  in  strait 
warm  and  cold  sections  as  well  as  in  cryogenic  arcs  were 
recently  estimated  for  the  IPl  and  IPS  [7].  The  residual  gas 
is  represented  as  a  mixture  of  four  molecules  (H2,  CH4, 
CO,  and  CO2).  The  element  concentration  distribution  in 
the  IPS  is  shown  in  Fig.  3.  For  the  purpose  of  this  study, 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 


1742 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


the  vacuum  distribution  in  other  regions  is  assumed  to  be 
the  same  as  that  in  the  IPS.  A  corresponding  beam  loss  rate 
due  to  inelastic  beam-gas  interactions  is  presented  in  Fig.  4. 
The  lowest  pressure  and,  therefore,  beam  loss  rate  is  ob¬ 
served  in  the  warm  sections.  The  value  of  estimated  resid¬ 
ual  gas  pressure  in  the  warm  sections  of  about  10“^^  ton*  is 
unusually  low  when  compared  to  that  for  other  accelerators 
(10~io  - 10“®  torr).  The  main  difference  between  the  LHC 
warm  sections  and  those  for  other  machines  is  in  a  coat¬ 
ing  material  for  the  vacuum  chamber.  For  the  LHC  most 
of  the  warm  vacuum  chamber  will  be  coated  with  TiZrV 
NEG.  This  coating  has,  after  activation  at  low  tempera¬ 
tures,  a  very  high  pumping  speed  for  the  components  of 
the  residual  gas.  Static  pressures  of  about  10“^^  torr  were 
measured  at  laboratory  conditions  [7]. 


IP5 


Figure  3:  Residual  gas  concentration  in  the  IPS. 
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Figure  4:  Estimated  beam  loss  rate  in  the  LHC  lattice  due 
to  inelastic  beam-gas  interactions. 

Beam  loss  due  to  the  elastic  beam-gas  scattering  [8]  rep¬ 
resents  a  “long-range”  contribution  in  the  region  of  inter¬ 
est  because  of  very  small  scattering  angles  involved.  On 
the  contrary,  inelastic  beam-gas  scattering  gives  rise  to  a 
“short-range”  contribution.  Therefore,  calculation  schemes 
for  the  two  beam  loss  mechanisms  are  different.  For  elastic 
scattering,  the  first  stage  consists  of  a  multi-turn  STRUCT 
simulation  of  propagation  of  halo  along  with  scattered  pro¬ 
tons  (E>5  TeV)  through  the  entire  collider  ring,  similar  to 
modeling  the  IP3  and  IP7  collimator  contribution.  Scat¬ 
tered  protons,  lost  on  the  LHC  limiting  apertures,  form  the 


source  for  the  second  stage  -  full  shower  simulation  with 
the  MARS  code.  Sample  tracks  of  protons  lost  on  the  IP5 
outer  triplet  apertures  and  picked  up  with  mars  are  shown 
in  Fig.  5  for  Beam  2.  Most  of  the  protons  shown  are  lost 
on  the  Q4  and  Q5  apertures  and  the  tapered  beam-pipe  be¬ 
tween  the  TAN  and  Dl.  For  inelastic  beam-gas  interac¬ 
tions,  large  scattering  angles  are  involved  and,  therefore, 
rather  short  regions  (a  few  hundred  meters)  in  the  vicinity 
of  the  IP5  are  considered  in  single-stage  MARS  runs. 
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L 

Figure  5:  Sample  tracks  of  the  Beam  2  protons  elastically 
scattered  on  residual  gas  around  the  ring  and  lost  at  z  =  140- 
270  m  from  the  IP5. 


RADIATION  LOADS  IN  TOTEM 

At  normal  operation  conditions  and  nominal  luminos¬ 
ity,  the  radiation  resulting  from  colliding  beam  interac¬ 
tions  dominates  over  all  other  sources.  However,  beam 
loss  induced  effects  may  play  a  role  at  a  reduced  luminos¬ 
ity.  Fig.  6  shows  beam  loss  distributions  in  the  IP5  region 
calculated  with  struct  for  Beam  1  interactions  with  the 
IP3  collimators  [3]  and  residual  gas  (elastic)  around  the 
ring.  The  rates  in  the  RP  vicinity  are  of  the  order  of  hun¬ 
dredth  of  W/m  (on  L-side)  and  are  comparable  for  the  two 
sources.  The  mars  calculated  dynamic  heat  loads  to  the 
separation  dipole  and  outer  triplet  quadrupoles  on  the  R- 
side  are  shown  in  Fig.  7  for  pp-collisions  at  10%  of  the 
nominal  luminosity  (Beam  1)  and  beam-gas  elastic  and  in¬ 
elastic  interactions  for  Beam  2  (contribution  from  Beam  1 
is  negligible  here).  One  sees  that  at  the  TOTEM  conditions, 
pp-collisions  are  still  the  dominant  source  of  radiation,  al¬ 
though  at  some  spots  the  total  accelerator  related  load  is 
comparable.  A  relatively  small  contribution  of  the  beam- 
gas  inelastic  component  here  can  be  understood  if  one  takes 
into  account  a  very  high  vacuum  (low  pressure)  in  this  short 
region  (dominant  for  inelastic  interactions)  compared  to  the 
rest  of  the  machine  starting  at  the  MB  dipoles  (elastic  in¬ 
teractions)  as  shown  in  Fig.  3. 

Full-scale  mars  simulations  of  showers  induced  in  the 
TOTEM  region  are  performed  for  all  the  sources  described 
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Figure  6:  Beam  loss  rate  in  the  IP5  caused  by  tails  from 
collimators  (symbols)  and  beam-gas  elastic  scattering  (his¬ 
togram). 


Figure  7:  Dynamic  heat  load  on  the  IP5(R)  D2,  Q4  and  Q5 
magnets  due  to  pp-collisions  at  10^^  cm“^s”^  and  beam- 
gas  elastic  and  inelastic  interactions. 

above.  Calculated  are  particle  fluxes  above  0.1  MeV,  ab¬ 
sorbed  dose,  energy  and  angular  distributions  at  the  RP  sil¬ 
icon  sensors  as  well  as  radiation  loads  to  accelerator  and 
other  components  at  larger  radii  in  this  region.  The  results 
revealed  that  the  pp-collisions  dominate  significantly  even 
at  the  TOTEM  luminosity  of  10^^  cm^'^  s"*^.  Backgrounds 
induced  by  tails  from  the  collimators  and  beam-gas  elastic 
and  inelastic  scattering  are  of  the  order  of  0.1-1%  of  the 
total  rates  at  the  RPs.  An  example  of  a  2D  distribution  of 
neutron  flux  is  shown  in  Fig.  8  for  the  RPS.  Table  1  gives 
the  particle  fluxes  and  absorbed  dose  on  the  silicon  sensors 
of  all  the  RP  detectors  calculated  at  10^^  cm”^  s“^.  Also 
shown  is  a  distance  dsi  =  lOa+O.S  mm  between  the  inner 
edge  of  the  RP  sensor  and  beam  axis. 


Figure  8:  Total  neutron  flux  isocontours  averaged  over  the 
six  RPS  silicon  sensors. 


Table  1:  Total  particle  fluxes  (10®cm“^s“^)  averaged 
over  silicon  sensors  and  peak  and  average  absorbed  doses 
(10^  Gy/yr). 


Item 

RPl 

RP2 

RP3 

RP4 

RPS 

Charged 

hadrons 

7.5 

2.9 

1.0 

0.58 

6.7 

Neutrons 

3,7 

1.3 

0.61 

0.37 

1.4 

Electrons 

115 

28 

23 

12 

18 

Photons 

1410 

279 

187 

81 

147 

I^max 

12 

10 

20 

1.9 

55 

I^av 

3.4 

1.1 

0.69 

0.37 

1.2 

dsz 

10.36 

10,33 

8.77 

5.97 

2.10 

CONCLUSIONS 

Detailed  calculations  performed  for  the  TOTEM  Ro¬ 
man  Pots  in  the  IPS  region  with  the  up-to-date  lattice, 
detector  parameters,  mars  model,  and  realistic  vacuum 
distribution  reveal  the  high  background  rates  on  the  silicon 
sensors,  exceeding  lO^^cm”^  of  charged  hadrons  per  year 
with  the  peak  dose  of  about  100  kGy/yr.  We  found  that 
the  pp-collisions  dominate  even  at  1/10  of  the  nominal 
luminosity,  with  backgrounds  induced  by  tails  from  the 
collimators  and  beam-gas  elastic  and  inelastic  scattering 
contributing  0.1-1%  to  the  above  values. 

Authors  thank  J.-B.  Jeanneret  and  A.  Rossi  of  CERN 
for  information  on  the  LHC  apertures  and  newest  vacuum 
model. 
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MITIGATION  OF  EFFECTS  OF  BEAM-INDUCED  ENERGY  DEPOSITION 
IN  THE  LHC  HIGH-LUMINOSITY  INTERACTION  REGIONS* 

N.V.  Mokhov^  LL.  Rakhno,  J.S.  Kerby,  J.B.  Strait,  FNAL,  Batavia,  BL  60510,  USA 


Abstract 

Beam-induced  energy  deposition  in  the  LHC  high  lumi¬ 
nosity  interaction  region  components  is  one  of  the  serious 
limits  for  the  machine  performance.  The  results  of  further 
optimization  and  comprehensive  mars  14  calculations  in 
the  IPl  and  IP5  inner  and  outer  triplets  are  summarized  for 
the  updated  lattice,  calculation  model,  baseline  pp-collision 
source  term,  and  for  realistic  engineering  constraints  on 
the  hardware  design.  It  is  shown  that  the  optimized  lay¬ 
out  and  absorbers  would  provide  a  sufficient  reduction  of 
peak  power  density  and  dynamic  heat  load  in  the  supercon¬ 
ducting  components  with  an  adequate  safety  margin.  Ac¬ 
cumulated  dose  and  residual  dose  rates  in  and  around  the 
region  components  are  also  kept  below  the  tolerable  limits 
in  the  proposed  design. 

LHC  IPl  AND  IPS  REGIONS 

The  Large  Hadron  Collider  (LHC)  under  construction 
at  CERN,  will  produce  pp  collisions  at  center-of-mass  en¬ 
ergy  v^=14  TeV  and  luminosity  £=10^^  cm“^s“^.  The 
interaction  rate  of  8x  10®  s“^  represents  a  power  of  almost 
900  W  per  beam,  the  majority  of  which  is  directed  towards 
the  low-/?  insertions.  Studies  [1,  2,  3]  have  identified  this 
as  a  serious  problem  and  proposed  the  ways  to  mitigate 
it.  Here  a  brief  summary  of  extensive  studies  of  the  IPl 
and  IP5  high  luminosity  insertions  are  presented  based  on 
the  up-to-date  LHC  optics  (version  6.4),  better  understand¬ 
ing  of  practical  possibilities  with  quadrupole  cooling  and 
shielding,  and  upgraded  mars  1 4  [4]  modeling.  Ref.  [3] 
describes  these  studies  in  great  details. 

To  protect  SC  magnets  against  debris  generated  in  the  pp 
collisions  and  in  the  near  beam  elements,  a  set  of  absorbers 
in  front  of  the  inner  triplet,  inside  and  between  the  low-/? 
quadrupoles,  and  in  front  of  the  D2  separation  dipole  was 
designed  on  the  basis  of  energy  deposition  mars  14  calcu¬ 
lations.  Fig.  1  shows  the  inner  triplet  configuration  with  the 
absorbers  in.  The  two  curves  show  the  approximate  “nl  = 
7”  beam  envelope  for  injection  and  collision  optics,  includ¬ 
ing  closed  orbit  and  mechanical  tolerances. 

All  essential  components  situated  in  the  tunnel  of  the 
IPl(R)  and  IP5(R)  regions  of  215-m  long  are  implemented 
into  the  MARS  14  model  with  a  detailed  description  of  their 
geometry,  materials  and  magnetic  field  distributions.  The 
model  includes  all  the  beam  line,  cryogenic  and  protection 
elements,  tunnel,  first  meters  of  rock  (molasse)  outside  the 
tunnel,  as  well  as  near  beam  components  and  solenoid  mag- 
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Figure  1:  The  LHC  low-/?  insertions  including  absorbers: 
schematic  view  with  the  beam  envelopes. 

netic  fields  of  the  ATLAS  and  CMS  detectors  for  the  IPl 
and  IPS,  respectively.  Fig.  2  shows  the  interaction  region 
beam  elements  and  their  placement  in  the  tunnel  as  mod¬ 
eled  in  the  code. 


r 

Figure  2:  A  fragment  of  the  IPS  MARS  model. 

DESIGN  CONSTRAINTS 

The  protection  system  design  constraints  used  in  the 
study  are  as  follows: 

1.  Baseline  luminosity  of  10®^  cm“^s~^. 

2.  Keep  geometrical  aperture  larger  than  **nl  =  7”  for 
injection  and  collision  optics,  including  closed  orbit 
and  mechanical  tolerances. 
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3.  Quench  stability:  keep  peak  power  density  €max. 
which  can  be  as  much  as  an  order  of  magnitude  larger 
than  the  azimuthal  average,  below  the  quench  limit 
with  a  safety  margin  of  a  factor  of  3, 

4.  Use  }.6mW/g  as  a  quench  limit.  For  many  years, 
the  estimated  quench  limit  for  the  LHC  high-gradient 
quadmpoles  was  1 .2  mW/g.  Tests  of  porous  cable  in¬ 
sulation  systems  and  recent  calculations  concerning 
the  insulation  system  to  be  used  in  the  Fermilab-built 
LHC  IR  quadrupoles  (MQXB)  have  shown  that  up  to 
about  1 .6  mW/g  of  heat  can  be  removed  while  keeping 
the  coil  below  the  magnet  quench  temperature. 

5.  Rely  on  radiation-hard  materials.  With  the  above  lev¬ 
els,  the  estimated  lifetime  will  exceed  7  years  at  the 
baseline  luminosity  even  in  the  hottest  spots. 

6.  Keep  dynamic  heat  loads  below  about  10  W/m. 

1.  Hands-on  maintenance:  keep  residual  dose  rates  on 
the  component  outer  surfaces  below  about  0. 1  mSv/hr. 

8.  Always  obey  engineering  constraints. 

PROTECTION  SYSTEM 

A  protection  system  on  each  side  of  the  IPl  and  IP5  has 
been  designed  over  the  years  on  the  basis  of  comprehensive 
MARS  calculations.  It  includes: 

•  The  TAS  front  copper  absorber  at  L=  19,45  m  (1.8  m 
long,  34-mm  ID,  500-mm  OD). 

•  A  7-mm  thick  stainless  steel  (SS)  liner  in  Ql. 

•  The  SS  absorber  TASB  at  L=:45.05  m  (1.2-m  long, 
1^33.3-60  mm).  Proposed  in  earlier  studies  a  TASA 
absorber  at  L=30.45  m  (1.1-m  long,  r^25-60  mm)  is 
eliminated  from  the  design. 

•  A  ^3-mm  thick  SS  liner  in  the  Q2A  through  Q3. 

•  40-cm  long  SS  masks  at  1^23.45  m,  r^250-325  mm 
to  protect  the  Ql  slide  bearings. 

•  The  neutral  particle  copper  absorber  TAN  at  140  m. 

•  The  1-m  long  TCL  SS  collimator  at  191  m  from  IP. 

The  TAS  absorbers  in  front  of  the  first  low-^ 
quadrupoles  are  designed  as  a  front-line  system  to  protect 
the  inner  triplet  by  catching  the  particles  originating  from 
the  IP  and  the  cascades  initiated  by  them.  TAS’s  param¬ 
eters  were  optimized  over  years.  Currently  the  TAS  are 
at  19.45  m  from  the  IP  in  the  IPI  and  IP5,  made  of  cop¬ 
per,  1.8-m  long  and  1.7  cm  inner  and  25  cm  outer  radii. 
At  design  luminosity,  they  catch  184  W  of  collision  power 
on  each  side  of  the  IP,  allowing  only  5%  of  the  incoming 
energy  (outside  TAS  aperture)  to  penetrate  through  the  ab¬ 
sorber  body. 


It  was  shown  in  Ref.  [1]  that  a  ~7“mm  thick  liner  in 
the  Ql  quadrupole  is  needed  to  bring  €,„arr  at  the  Ql  non- 
IP  end  below  the  design  limit  (see  Fig,  3),  The  same  ex¬ 
ponential  shielding  effect  in  a  material  preceding  the  SC 
coils  dictates  a  thicker  beam  pipe  in  the  Q2A  through  Q3 
region.  An  intermediate  absorber  TASB  protects  the  Q3 
quadrupole,  as  do  the  masks  inside  the  cryostat  for  the  Ql 
slide  bearings.  A  neutral  particle  absorber  TAN  at  140  m 
on  each  side  of  the  IP,  was  designed  to  protect  the  sepa¬ 
ration  dipoles  D2  and  the  outer  triplet  quads  against  the 
neutral  component  from  the  IP  (neutrons  and  photons  pre¬ 
dominantly)  and  charged  and  neutral  particles  generated  in 
the  near  beam  components  on  the  140-m  way  from  the  IP. 
An  instrumented  copper  core  (21  x 26x350  cm)  with  two 
5  cm  diameter  beam  holes  is  surrounded  by  massive  steel 
shielding  with  a  30-cm  steel  /  30-cm  marble  albedo  trap. 


Q1  Beam  Pipe  Thickness  (mm) 


Figure  3:  Peak  power  density  in  the  Ql  inner  layer  vs  liner 
thickness  (beam  screen  together  with  cold  bore). 


POWER  DENSITY  AND  HEAT  LOAD 

As  a  result  of  optimization  of  the  above  system  parame¬ 
ters,  it  became  possible  to  meet  the  design  constraints.  For 
quench  stability,  it  was  essential  to  perform  a  detailed  3D 
analysis  of  power  density  e  in  the  quadrupole  coils,  which 
varies  strongly  in  longitudinal  radial  and  azimuthal  direc¬ 
tions.  There  are  pronounced  peaks  in  the  horizontal  and 
vertical  planes,  with  a  difference  between  maximum  and 
minimum  values  reaching  a  factor  of  10  and  between  the 
peaks  and  azimuthally  averaged  values  of  a  factor  of  2.5  to 
5.5.  A  longitudinal  distribution  of  an  azimuthal  peak  in  the 
first  radial  bin  of  the  SC  coils  (35<r<46.5  mm)  is  shown  in 
Fig.  4.  In  the  IP5,  for  the  baseline  horizontal  crossing,  the 
power  density  reaches  its  maximum  €max  =  0.45  mW/g  at 
the  Q2b  non-IP  end,  a  factor  of  3.5  below  the  quench  limit. 
In  the  SC  separation  dipole  and  outer  triplet  quadmpoles, 
the  protection  system  provides  a  safety  margin  of  10  to  100. 

Integral  power  dissipation  distribution  in  components  of 
the  IP5  inner  triplet  is  presented  in  Fig.  5,  while  Table  1 
gives  integral  values  for  the  the  components  in  the  entire 
215-m  region  studied.  Statistical  uncertainty  for  each  of 
the  values  in  the  Table  does  not  exceed  1%.  The  integra¬ 
tion  with  respect  to  radius  for  all  the  components  was  per- 
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Figure  4:  Longitudinal  distribution  of  peak  power  den¬ 
sity  in  the  first  radial  bin  of  the  IPS  SC  coils  in  the  IPS 
quadrupoles. 

formed  from  0  up  to  4S.72  cm,  Le,  through  the  vacuum 
vessel.  Results  for  the  IPl  are  quite  similar.  The  table  also 
gives  hadron  fluxes  and  prompt  dose  on  the  vessel,  useful 
for  a  beam  loss  monitor  system  design,  and  an  estimate  of 
radiation  environment  in  the  tunnel  near  the  cryostat. 


Path  length  (m) 


Figure  S:  Power  dissipation  in  the  baseline  IPS  inner  triplet 
components.  Ri=3S  mm,  R2=81  mm  in  Q1  and  Q3  and 
R2=67  mm  in  Q2a  and  Q2b. 


UNCERTAINTIES 

Based  on  numerous  international  benchmarkings  on  mi¬ 
cro  and  macro  levels,  status  of  the  current  event  genera¬ 
tors,  thorough  sensitivity  analysis  in  the  inner  triplet  over 
eight  years  (event  generators,  other  physics  input,  geom¬ 
etry,  materials,  fields,  crossing  etc),  numerous  discussions 
and  analyses  of  the  results  by  the  community  over  the  same 
eight  years,  understanding  of  the  Monte  Carlo  aspects,  we 
believe  that  we  predict  the  maximum  power  density  in  the 
coils  with  an  accuracy  better  than  30%.  This  is  true  for 
the  innermost  layers  of  the  coils  (just  a  beginning  of  show¬ 
ers)  for  a  particular  configuration.  The  results,  especially 
for  local  peak  power  deposition,  can  be  quite  sensitive  to 
configuration  changes,  however.  The  uncertainty  is  higher 
at  laiger  radii  and  larger  distances  from  the  IP,  often  be¬ 
cause  of  statistics.  Integral  energy  deposition  and  integral 


Table  1 :  Dynamic  heat  load  P  (W)  on  the  IP5  components, 
and  prompt  dose  equivalent  DE  (Sv/hr)  and  hadron  flux 
^  (IC^cm'^s"^  at  E>14  MeV)  on  the  vessel  at  longitudi¬ 
nal  peaks  at  the  nominal  luminosity.  _ 


Element 

P 

DE 

$ 

Absorber  TAS 

184 

Absorber  TASB 

5.7 

18.12 

91.84 

QuadrupoleQl 

30.7 

12.44 

92,72 

Quadrupole  Q2a 

28.8 

22.09 

133.4 

Quadrupole  Q2b 

26.6 

5.184 

40.91 

Quadrupole  Q3 

111 

12.61 

93.76 

Corrector  MCBXl 

6.9 

17.55 

144.6 

Corrector  MCBX2 

1.6 

4.202 

32.67 

Corrector  MQSXA 

2.0 

15.85 

106.0 

Corrector  MCBXA 

3.1 

4.712 

41.58 

Feedbox  DFBX 

6.92 

6.670 

39.31 

Dipole  D1 

50 

Absorber  TAN 

189 

Dipole  D2 

1.96 

2.079 

11.08 

Quadrupole  Q4 

0.39 

0.243 

1.696 

Quadrupole  Q5 

1.79 

1.466 

9,104 

flux  values  such  as  azimuthal  average,  power  dissipation 
(dynamic  heat  load)  are  predicted  with  about  10-15%  ac¬ 
curacy.  Residual  dose  rates  are  estimated  within  a  factor  of 
two  to  three. 

CONCLUSIONS 

The  system  described  in  this  paper  and  developed 
under  realistic  engineering  constraints  will  protect  the 
LHC  IP1/IP5  region  components  against  luminosity-driven 
short-  and  long-term  deleterious  energy  deposition  effects 
with  a  good  safety  margin,  at  least  at  the  design  luminosity 
of  10^^  cm”^s“^. 
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Abstract 

Interaction  region  inner  triplets  are  among  the  systems 
which  may  limit  the  LHC  performance.  An  option  for  a 
new  higher  luminosity  IR  is  a  double-bore  inner  triplet  with 
separation  dipoles  placed  in  front  of  the  first  quadrupole. 
The  radiation  load  on  the  first  dipole,  resulting  from  pp- 
interactions,  is  a  key  parameter  to  determine  the  feasibility 
of  this  approach.  Detailed  energy  deposition  calculations 
were  performed  with  the  MARS  14  code  for  two  NbaSn 
dipole  designs  with  no  superconductor  on  the  mid-plane. 
Comparison  of  peak  power  densities  with  those  in  the  base¬ 
line  LHC  IR  suggests  that  it  may  be  possible  to  develop 
workable  magnets  for  luminosities  up  to  10^^  cm~^  s“^. 

DIPOLE  FIRST  IR 

After  the  LHC  operates  for  several  years  at  a  nomi¬ 
nal  luminosity  C  -  10^^  cm"^  s“^,  it  will  be  necessary 
to  upgrade  it  for  higher  luminosity.  An  interesting  op¬ 
tion  for  a  new  interaction  region  (IR)  is  a  double-bore 
inner  triplet  with  separation  dipoles  placed  in  front  of 
the  quadmpoles  [1,  2].  Compared  with  the  baseline  de¬ 
sign  consisting  of  single-bore  quadmpoles  shared  by  both 
beams,  this  layout  substantially  reduces  the  number  of 
long-range  beam-beam  collisions,  allows  the  beams  to  pass 
on-axis  through  the  quadmpoles,  and  permits  local  correc¬ 
tion  of  triplet  field  errors  for  each  beam.  However,  13 max 
is  considerably  larger  for  the  same  P*.  Increasing  the  LHC 
luminosity  by  an  order  of  magnitude  creates  a  hostile  ra¬ 
diation  environment  resulting  from  colliding  beam  interac¬ 
tions  [3],  with  most  of  the  power  of  almost  9  kW  per  beam 
directed  towards  the  IR  magnets.  The  problem  is  partic¬ 
ularly  severe  for  the  dipole-first  layout,  since  most  of  the 
charged  secondaries  will  be  swept  into  the  dipole  by  its 
large  magnetic  field. 

Detailed  MARS  14  [4]  energy  deposition  calculations 
have  been  performed  to  determine  the  feasibility  of  this  ap¬ 
proach.  Fig.  1  shows  the  layout  considered.  The  D1  dipole 
starts  at  23  m,  allowing  space,  as  in  the  current  IR,  for  a  1.8- 
m  long  TAS  absorber,  and  there  are  5  m  between  the  D1  and 
D2  to  allow  for  a  TAN  neutral  particle  absorber.  The  orbits 
shown  are  for  a  horizontal  crossing  angle  of  ±0.212  mrad, 
scaled  up  from  the  baseline  ±0. 15  mrad  to  allow  for  reduc¬ 
ing  p*  to  25  cm.  In  view  of  the  reduced  number  of  long- 
range  collisions,  such  a  crossing  angle  provides  sufficient 
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beam  separation  for  operation  with  a  12.5  ns  bunch  spacing 
at  the  ultimate  bunch  intensity  of  1 .7  x  10  p/bunch.  A  ver¬ 
tical  crossing  can  be  generated  by  rolling  the  D1  and  D2  by 
several  degrees,  or  with  strong  correctors  placed  in  front  of 
the  D1  (-^8  T-m)  and  behind  the  D2  (<^3  T-m).  The  dipole 
strengths  shown  are  for  a  horizontal  crossing  plane;  they 
both  go  to  15  T  for  a  vertical  crossing  plane.  The  transverse 
size  and  positions  of  the  dipole  and  quadmpole  boxes  cor¬ 
respond  to  the  required  coil  apertures,  which  are  130  mm, 
100  mm  and  100  mm  for  the  Dl,  D2  and  quadmpoles,  re¬ 
spectively,  assuming  that  all  the  quads  have  the  same  coil 
bore.  Although  desirable,  it  would  be  difficult  to  include 
a  hole  through  the  yokes  to  allow  the  neutral  beam  to  pass 
through  the  D2  and  the  triplet  to  a  downstream  TAN.  There¬ 
fore,  for  the  purpose  of  this  study,  the  TAN  is  assumed  to 
be  between  Dl  and  D2. 


0.2 
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1  0.05 

I  0 

1-0.05 
-0.1 
•0.15 
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Distance  from  tP  (m) 

Figure  1:  Interaction  region  layout. 


The  required  physical  aperture  at  the  non-IP  end 
of  the  Dl  is  shown  in  Fig.  2.  The  radial  clear¬ 
ance  about  each  beam  (incoming  and  outgoing)  is  [2] 
1.1  X  9(7  -I-  8.6  mm  =  23.5  mm,  where  the  factor  1.1  allows 
for  20%  ^-function  errors,  cr  =  1.5  mm,  and  8.6  mm  is  the 
sum  of  various  orbit  and  alignment  errors.  At  the  non-IP 
end  of  the  Dl,  the  orbits  in  Fig.  1  are  offset  by  ±36  mm, 
giving  rise  to  a  racetrack  shaped  aperture. 


- 

'"\.r  =  23  2m 
v=aRmm  . . 

— 

-80  -60  -40  -20  0  20  40  60  80 


Figure  2:  Required  physical  aperture  at  the  Dl  non-IP  end. 
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Horizontal  channels  are  shown  along  the  mid-plane  out¬ 
side  of  this  aperture,  which  could  allow  much  of  the  colli¬ 
sion  debris  to  exit  the  coil  region  (see  Fig.  4).  The  height  of 
the  channels  must  take  into  account  divergence  of  the  beam 
and  the  combined  tolerances  on  orbit  and  alignment  and  the 
crossing  angle,  since  the  forward  collision  debris  peak  fol¬ 
lows  the  outgoing  beam.  The  dimension  shown  in  Fig.  2  is 
3a  +  8.6  mm  =13  mm.  The  channel  dimensions,  if  such 
a  design  were  adopted,  would  be  subject  of  optimization 
based  on  energy  deposition  and  the  mechanical  constraints 
on  the  magnet  design. 

TWO  DESIGNS  FOR  D1 

In  this  paper,  calculations  are  done  for  D1  of  two  types, 
whose  parameters  are  summarized  in  Table  1.  Both  designs 
are  based  on  a  NbsSn  superconductor  (SC).  The  first  one, 
shown  Fig.  3,  is  a  traditional  cos-theta  design  with  a  4-layer 
graded  coil  of  inner  radius  65  mm  and  a  cold  iron  yoke. 
High  field  quality  is  achieved  by  optimizing  the  azimuthal 
sizes  of  each  layer  and  of  the  wedges  in  the  innermost  layer. 
Copper  spacers  of  half-height  10, 6, 4  and  4  mm  are  placed 
at  the  mid-plane,  where  the  peak  power  deposition  from 
collision  fragments  occurs. 


Table  1:  Magnet  parameters 


Parameter 

Units 

cos  6 

Block 

Coil  aperture  ID 

mm 

130 

84 

No.  of  layers 

- 

4 

4 

Quench  bore  field 

T 

15.8 

15 

Quench  peak  field 

T 

16.8 

16.7 

Conductor  x-sec,  area 

cm^ 

119.1 

174.4 

Yoke  inner  radius 

mm 

145 

305 

Yoke  outer  radius 

mm 

500  ’ 

500 

Figure  3:  Cos-theta  D1  magnet  with  a  mid-plane  spacer. 

The  second  dipole  design  uses  block  type  coils  (Fig.  4). 
The  iron  can  be  either  warm  or  cold  depending  on  the  de¬ 
tails  of  the  design.  The  required  field  quality  (not  yet  op¬ 
timized)  is  achieved  by  adjusting  the  size  and  position  of 
coil  blocks.  All  material  is  removed  from  the  mid-plane 
region,  so  that  the  first  material  encountered  by  the  dom¬ 
inantly  horizontal  spray  of  particles  is  outside  the  coil  re¬ 


gion.  This  approach,  however,  presents  significant  chal¬ 
lenges  to  the  magnetic  and  structural  design.  The  dipole 
has  a  clear  circular  aperture  of  70  mm  and  horizontal  slots 
of  height  ±6  mm.  The  coils  have  a  minimum  vertical  sep¬ 
aration  of  33.5  mm.  The  maximum  stress  in  stainless  steel 
collar  is  about  700  Mpa.  The  maximum  horizontal  and  ver¬ 
tical  coil  deflections  at  15  T  are  less  than  0.2  mm.  The 
magnitude  of  the  vertical  deflections  can  be  reduced  by  in¬ 
corporating  stress  intercepts  within  the  coil  structure  that 
directly  transfer  load  from  the  coil  to  collar.  The  magni¬ 
tude  of  the  horizontal  deflections  can  be  reduced  by  further 
strengthening  the  collar  by  increasing  its  size,  etc. 

The  block-coil  dipole  design  is  very  preliminary,  and  its 
aperture  is  smaller  than  the  required  one  shown  in  Fig.  2. 
However,  the  MARS  model  discussed  sets  to  zero  all  toler¬ 
ances  on  alignment  and  orbit  errors,  which  are  a  significant 
component  of  the  aperture  requirement.  As  a  consequence 
the  studies  here  allow  a  valid  first  comparison  of  magnet 
designs  with  and  without  material  on  the  coil  mid-plane, 
which  is  the  main  result  of  this  paper. 


L 

Figure  4:  A  MARS  model  fragment  block  coil  D1  magnet 
with  open  mid-plane. 


ENERGY  DEPOSITION  RESULTS 

The  MARS  runs  were  performed  for  the  LHC  IP5  region 
with  the  layout  of  Fig.  1  at  £  =  10^^  cm“^  s“^  and  horizon¬ 
tal  crossing.  The  CMS  detector  with  its  4-T  solenoid  field 
is  assumed  here.  A  copper  1.8-m  long  TAS  at  z=19.45  m 
has  a  21 -mm  radius  round  aperture  (compared  to  the  base¬ 
line’s  17-mm)  and  450-mm  outer  radius.  A  simple  inter¬ 
connect  between  TAS  and  D1  is  assumed  with  a  240-mm 
ID  beam  pipe.  The  D1  dipole  in  both  designs  is  10-m  long 
with  13.6-T  bore  field.  A  120-mm  ID  and  124-mm  OD 
stainless  steel  beam  pipe  is  implemented  in  the  cos-theta 
design,  with  no  pipe  in  the  block-coil  dipole  case.  A  cop¬ 
per  5-m  long  TAN  with  two  corresponding  apertures  sits  at 
z=33  m  immediately  downstream  of  the  Dl. 

As  in  the  baseline  [3],  the  TAS  protects  the  upstream 
end  of  the  first  magnet  against  severe  energy  flux  from  the 
IP,  absorbing  a  power  of  1.75  kW.  The  peak  power  den- 


1749 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


sity  emax  at  shower  maximum  is  89  mW/g.  The  power 
dissipated  in  the  TAN  is  about  2  kW,  depending  on  which 
dipole  is  used  in  the  study,  and  emax  =  870  mW/g.  Active 
cooling  will  be  required  for  both  absorbers. 

The  strong  magnetic  field  in  the  D1  deflects  charged  par¬ 
ticles  horizontally  left  and  right,  concentrating  power  depo¬ 
sition  in  the  mid-plane,  which  reaches  its  maximum  at  the 
non-IP  end  of  the  dipole.  The  power  density  2D  distribu¬ 
tions  at  the  longitudinal  maximum  are  shown  in  Fig.  5  and 
6  for  the  two  dipoles.  One  clearly  sees  the  local  peak  on 
the  left  (closer  to  the  outgoing  beam):  in  the  SC  coils  for 
the  cos-theta  dipole  and  deep  in  the  “trap”  for  the  block 
coil  type  magnet.  The  peak  power  density  in  the  cop¬ 
per  spacers  on  the  mid-plane  of  the  cos-theta  magnet  is 
49  mW/g,  The  maximum  power  density  in  the  SC  coils 
is  13  mW/g,  as  shown  in  Fig.  7,  more  than  20  times  the 
peak  power  in  the  quadrupoles  in  the  baseline  LHC  IR  at 
£  =  10^^  cm”^  s”^  [3].  Dealing  with  this  will  present  a 
significant  challenge  to  the  magnet  designers. 


Figure  5:  Power  density  isocontours  (mW/g)  at  the  non-IP 
end  of  the  cos-theta  dipole. 


SLfiC  BNL  Dll  960<L<100I)  cm 


Figure  6:  Power  density  isocontours  (mW/g)  at  the  non-IP 
end  of  the  block-coil  dipole. 

In  contrast,  emax  in  the  coils  of  the  block-type  dipole 
with  no  material  on  the  mid-plane  is  only  1.1  mW/g,  about 


H  (cm) 

Figure  7:  Radial  distribution  of  maximum  power  density 
in  the  cos-theta  dipole  coil:  on  the  mid-plane  and  in  the 
superconductor. 

twice  the  peak  power  in  the  quadrupoles  in  the  baseline 
LHC  IR  at  the  baseline  luminosity.  While  this  is  an  encour¬ 
aging  result,  it  must  be  emphasized  that  such  a  design  has 
never  been  tried,  and  substantial  R&D  must  be  done  before 
the  feasibility  of  a  magnet  of  this  type  can  be  demonstrated. 

The  total  power  dissipated  in  the  dipole  is  about  3.5  kW 
in  either  design.  Efficient  removal  of  such  a  power  from 
the  cryogenic  system  is  also  a  major  challenge  for  imple¬ 
menting  this  IR  design  as  part  of  an  LHC  upgrade. 

CONCLUSIONS 

The  radiation  environment  for  a  dipole-first  IR  is  quite 
severe:  the  peak  power  density  at  £  =  10^^  cm“^  s“^  is  up 
to  two  orders  of  magnitude  larger  than  in  the  baseline  inner 
triplets  at  10^^  cm“^  s”^.  The  dipole-first  layout  is  attrac¬ 
tive  because  it  reduces  number  of  long-range  beam-beam 
collisions  and  allows  more  robust  correction  of  triplet  er¬ 
rors,  encouraging  us  to  find  a  solution  for  the  energy  de¬ 
position  problem.  The  preliminary  results  presented  here 
show  that  the  power  deposited  in  the  coil  can  be  reduced  to 
a  level  comparable  to  that  in  the  baseline  LHC  in  a  dipole 
with  no  material  on  the  coil  mid-plane.  However,  much 
work  remains  to  be  done  to  demonstrate  that  a  dipole  of 
such  a  design  can  be  made  to  reach  high  field,  maintain 
good  field  quality,  and  meet  all  other  requirements  for  use 
in  a  very  high  luminosity  IR. 
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Abstract 

We  present  our  observations  of  the  longitudinal  bunch 
dynamics  in  Tevatron  for  uncoalesced  proton  bunches  at 
150  GeV  and  coalesced  proton  bunches  at  150  GeV  and 
980  GeV.  We  have  observed  long-term  (>15  minutes) 
coherent  oscillations  of  uncoalesced  protons  that  preserve 
already  existing  oscillations  from  upstream  accelerators. 
A  single-bunch  instability  in  large  intensity  protons 
bunches  at  980  GeV  has  also  been  observed. 

UNCOALESCED  PROTONS  AT  150  GEV 

Table  1  provides  some  relevant  parameters  of  the 
Tevatron.  A  resistive  wall  monitor  and  a  2  GS/s  digital 
oscilloscope  are  used  to  gather  longitudinal  profiles  of  the 
beam.  Coherent  synchrotron  oscillations,  originating  in 
upstream  accelerators,  can  be  maintained  for  many  (>  1 5) 
minutes  in  the  Tevatron  without  an  increase  in 
longitudinal  emittance.  Uncoalesced  protons  are  a  train  of 
30  consecutive  radiofrequency  (RF)  buckets  populated 
with  typically  1 0  E9  protons  per  bunch;  this  beam  is  used 
for  machine  tune-up,  not  colliding  beam  physics.  Figure 
1  illustrates  the  synchrotron  oscillations  of  3  bunches  of 
uncoalesced  protons  over  time  at  150  GeV.  We  refer  to 
this  phenomenon  as  “dancing  bunches”  [1]. 


Table  1:  Tevatron  Parameters 


Parameter 

Value 

Average  radius 

1000  m 

Injection,  Collision  Energy 

150,  980  GeV 

RF  frequency  (period) 

53,1  MHz  (18.8  ns) 

RF  Voltage 

1.1  MV 

RF  harmonic 

1113 

Synchrotron  Freq.  (150,  980  GeV) 

86  Hz,  34  Hz 

RF  Bucket  Area  @  150,  980  GeV 

4.5, 11  eV-sec 

Figure  2  shows  a  typical  Fast  Fourier  Transform  (FFT) 
of  a  typical  bunch  in  an  uncoalesced  train.  The  sharp 
peak  corresponds  to  a  dipole  oscillation  at  the  synchrotron 
frequency  of  86  Hz.  There  are  no  visible  correlations  in 
the  amplitude  or  phase  of  the  individual  bunch 
oscillations  (see  Figure  3).  Nevertheless,  a  weak  coupling 
of  the  bunches  probably  exists  since  there  is  a  slow 
amplitude  modulation  of  the  oscillations,  as  seen  in  Figure 
1.  The  second,  broader  peak  in  Figure  2  with  frequency 
about  260  Hz  is  not  fully  understood.  We  do  know  that 
this  motion  is  coupled  among  all  the  bunches;  Figure  4 
shows  the  amplitude  of  this  higher  frequency  oscillation  is 
essentially  the  same  for  all  bunches  over  the  measurement 


period.  In  addition,  the  bunches  oscillate  in  phase  at  this 
higher  frequency,  and  this  frequency  actually  decreases 
slowly  over  time.  We  believe  this  motion  may  be  a 
driven  oscillation,  but  the  source  of  the  driving  force  has 
not  been  identified. 


11.  S  12.  B  12.9  13.  a  13.9  14.8  14.9 


Figure  1:  Longitudinal  profile  of  bunches  12-14  of  an 
uncoalesced  proton  train.  Time  (vertical  axis,  in  minutes) 
progresses  downward.  Each  colored  band  represents  0,9 
sec  of  data;  40  turns  («0.85  ps)  separates  individual 
traces.  Each  band  is  separated  in  time  by  1 .5  min. 


1.2  - 
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Figure  2:  FFT  of  an  oscillating  proton  bunch  centroid. 

An  inductive  impedance  Z/n  =  i  *  const  can  explain 
how  coherent  synchrotron  oscillations  can  survive  for  so 
long  with  little  coupling  among  the  bunches  [2].  It  does 
not  affect  coherent  oscillations  of  a  bunch  centroid,  but  it 
does  shift  the  oscillation  frequency  of  individual  particles 
around  the  center  incoherently  by  an  amount  AQ  which  is 
proportional  to  |Z/n|.  The  condition  when  “dancing” 
should  be  observed  can  be  expressed  as  An>5n  where 
is  a  synchrotron  frequency  spread.  For  the  Tevatron  at 
150  GeV,  the  longitudinal  impedance  threshold  allowing 
“dancing  bunches”  is  |Z/n|  (Q)  ~  2*10^^(p^/N  «  IQ,  where 
N  =  10^°  (number  of  protons  per  bunch),  and  cp  =  0.5 
(bunch  half-length  in  RF  radians).  This  impedance  agrees 
well  with  the  estimated  longitudinal  impedance  value 
based  on  transverse  impedance  measurements  [3]. 
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5  10 

Bunch  Number 


Figure  3:  Oscillation  phase  of  uncoalesced  proton 
bunches.  Black  diamonds  are  90  sec  after  injection;  green 
triangles  are  180  sec  after  injection;  red  circles  are  820  sec 
after  injection. 


Time  (s) 

Figure  4:  Amplitude  of  the  higher-frequency  oscillation 
versus  time.  Each  color  represents  a  different  bunch. 

COALESCED  PROTONS  AT  150  GEV 

For  colliding  beam  physics  operation,  the  Tevatron  is 
loaded  with  36  coalesced  proton  and  antiproton  bunches. 
Coalescing  occurs  in  the  Main  Injector  at  150  GeV  prior 
to  injection  into  the  Tevatron  [4].  Typically  7  proton 
bunches  are  coalesced  into  a  single  bunch  of  250-290  E9 
protons.  As  seen  in  Figure  5,  coalesced  protons  essentially 
fill  a  Tevatron  RF  bucket  at  150  GeV.  Typical  RMS 
proton  lengths  in  the  Tevatron  at  injection  are  3. 1-3.3  ns; 
there  is  -10%  bunch  length  growth  between  the  Main 
Injector  and  Tevatron,  as  shown  in  Figure  6.  However,  we 
observe  longitudinal  shaving  in  the  Tevatron  at  150  GeV; 
Figure  7  shows  how  the  average  RMS  bunch  length  of  the 
36  proton  bunches  decreases. 

One  can  also  see  in  Figure  5  how  coalesced  protons  can 
oscillate.  These  oscillations  are  remnants  of  the 
coalescing  process,  and  they  can  persist  for  minutes  in  the 
Tevatron  like  the  dancing  uncoalesced  bunches.  Figure  8 
depicts  the  longitudinal  phase  space  distribution  of  the 
bunch  shown  in  Figure  5;  the  distribution  was 
reconstructed  with  longitudinal  tomography  code  from 
CERN  [5]  .  The  oscillating  peaks  seen  in  Figure  5  are 
also  evident  in  Figure  8  as  the  off-center  “hot  spots*’  in  the 

* 

Although  the  code  can  handle  space  charge  effect,  this  option  was 
turned  off  for  the  reconstructions  presented  here. 


phase  space  distribution.  An  active,  wideband 
longitudinal  damper  system  [6]  helps  reduce  these  proton 
oscillations;  the  damper  system  is  enabled  only  after  all 
36  proton  bunches  are  injected. 


time  (ns) 


Figure  5:  Profile  of  a  coalesced  proton  bunch  at  injection 
in  the  Tevatron,  Traces  are  separated  in  time  (from 
bottom  to  top)  by  40  Tevatron  turns. 


Bunch  Number 


Figure  6:  RMS  bunch  lengths  of  coalesced  protons  prior 
to  extraction  from  the  Main  Injector  (black  squares)  and 
after  injection  into  the  Tevatron  (red  circles). 


Time  of  Day 

Figure  7:  Coalesced  protons  experience  longitudinal 
shaving  while  at  150  GeV. 
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Figure  8:  Reconstructed  longitudinal  phase  space 
distribution  of  the  coalesced  proton  bunch  shown  in 
Figure  5.  Darker  colors  mean  higher  phase  space  density. 

COALESCED  PROTONS  AT  980  GEV 

After  acceleration  to  980  GeV,  coalesced  proton 
bunches  are  quite  Gaussian  and  have  no  off-center  “hot 
spots”  in  their  longitudinal  phase  space  distribution  (See 
Figure  9  and  Figure  10.)  Once  typical  proton  bunch 
intensities  at  980  GeV  reached  -150  E9,  we  began  to 
observe  single-bunch  instabilities  which  would  cause 
spontaneous  bunch  length  growth  with  minimal  beam  loss 
in  many,  but  not  necessarily  all  bunches.  However,  the 
colliding  beam  luminosity  would  decrease  as  a  result  of 
the  bunch  length  growth.  (See  Figure  11.)  The 
previously  mentioned  longitudinal  damper  system  has 
effectively  eliminated  this  instability  [6].  During  HEP 
stores,  the  average  proton  RMS  bunch  length  is  1. 9-2.0  ns 
at  the  start  of  a  store  and  grows  at  a  rate  of  0.03-0.06 
ns/hr.  Additional  details  about  Tevatron  emittance 
lifetimes  in  general  can  be  found  in  [7]. 
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Figure  9:  Longitudinal  profile  of  a  coalesced  proton 
bunch  at  980  GeV  in  the  Tevatron. 


Figure  10:  Reconstructed  longitudinal  phase  space 
distribution  of  a  coalesced  proton  bunch  at  980  GeV. 


Figure  11:  Illustration  of  proton  bunch  length  blow-up 

and  resulting  decrease  in  luminosity  during  a  high-energy 

physics  (HEP)  store  in  the  Tevatron  before  longitudinal 

damper  system  was  commissioned. 
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BEAM  LOSSES  AT  INJECTION  ENERGY  AND  DURING 
ACCELERATION  IN  THE  TEVATRON 


T.  Sen,  P.  Lebrun,  R.  Moore,  V.  Shiltsev,  M.  Syphers,  X.L.  Zhang  (FNAL); 

W.  Fischer  (BNL),  F.  Schmidt,  F.  Zimmermann  (CERN) 

Abstract 

Protons  and  anti-protons  circulate  on  helical  orbits  in 
the  Tevatron.  At  injection  energy  (150  GeV)  the  lifetimes 
of  both  species  are  significantly  lower  on  the  helical  or¬ 
bits  compared  to  lifetimes  on  the  central  orbit  but  for  dif¬ 
ferent  reasons.  There  are  also  significant  beam  losses  in 
both  beams  when  they  are  accelerated  to  top  energy  (980 
GeV)-  again  for  different  reasons.  We  report  on  experi¬ 
mental  studies  to  determine  the  reasons  and  on  methods  of 
improving  the  lifetimes  and  losses  for  both  beams. 
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INJECTION  ENERGY 

Higher  proton  intensities  at  injection  in  recent  stores 
have  not  increased  the  proton  intensities  at  low-beta  and 
have  therefore  not  had  an  impact  on  the  luminosity.  Pro¬ 
ton  losses  at  150  GeV  appear  to  grow  proportionately  to 
the  intensity.  The  coalescing  process  in  the  Main  Injector 
leads  to  larger  transverse  and  longitudinal  emittances  with 
increasing  intensity  and  is  the  likely  cause  for  the  increase 
in  losses. 

Typically  proton  lifetimes  on  the  proton  helix  are  about  2 
hours,  as  seen  in  Figure  1  which  shows  the  beam  bunched 
intensity  (FBIPNG)  after  protons  are  moved  to  the  helix. 
The  sharp  drop  at  the  beginning  occurs  when  protons  are 
moved  from  the  central  oihit  to  the  helix.  This  jump  is  also 
seen  in  calculations  of  the  dynamic  aperture  (DA).  Figure  2 
shows  the  DA  (without  beam-beam  effects)  of  protons  as  a 
function  of  the  momentum  deviation.  The  DA  drops  by  at 
least  3(j  for  all  values  of  6p/p  from  the  central  orbit  to  the 
proton  helix.  This  figure  also  shows  the  strong  dependence 
of  the  DA  on  the  momentum  spread.  The  DA  of  uncoa¬ 
lesced  bunches  (typically  6p/p  <  2  x  10“^)  is  about  la 
greater  than  for  coalesced  bunches  which  have  momentum 
spreads  Sp/p  >  5  x  10“*^.  Uncoalesced  bunches  are  in  fact 
observed  to  have  better  lifetimes  both  on  the  central  orbit 
and  the  helix. 

The  importance  of  losses  due  to  the  longitudinal  emit- 
tance  was  also  seen  during  a  study  on  December  3rd, 
2002.  When  12  bunches  of  coalesced  protons  were  injected 
onto  the  proton  helix,  the  bunch  length  decay  lifetime  was 
~  5.4hrs  while  the  intensity  lifetime  was  ~  2.5hrs.  Longi¬ 
tudinal  scraping  accounts  for  a  significant  fraction  but  not 
all  of  the  observed  intensity  loss.  Losses  were  found  to  in¬ 
crease  sharply  when  the  chromaticity  was  increased  by  1  to 
2  units  in  either  plane  -  again  emphasizing  the  importance 
of  the  momentum  spread. 

During  this  same  study  we  also  injected  a  single  coa¬ 
lesced  proton  bunch  on  the  anti-proton  helix.  The  intensity 
evolution  is  seen  in  Figure  3.  The  intensity  has  a  rapid  de¬ 
cay  at  the  start  followed  by  a  more  gradual  decay.  This 


Figure  1:  Proton  bunched  beam  lifetime  in  Store  2502 
(May  2, 2003). 
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Figure  2:  Dynamic  aperture  of  protons  on  the  central  orbit 
and  helix  vs  6p/p. 


Protons  on  the  anti^proton  helix  [150  GeV] 


Figure  3:  Beam  intensity  on  the  anti-proton  helix  (Dec  3, 
2002). 


decay  is  also  typical  of  the  anti-proton  intensity  decay  in 
stores  before  the  vertical  damper  was  recommisioned.  This 
decay  is  not  well  described  by  a  single  exponential  decay 
law  but  heuristically  found  to  be  well  described  by  a  square 
root  in  the  exponential  N{t)  =  Nq  exp[--y/i7^], 

A  simple  model  of  constant  phase  space  diffusion  suf¬ 
fices  to  explain  this  behaviour.  From  the  evolution  of  the 
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particle  intensity  over  time,  it  is  evident  that  the  extent  of 
the  antiproton  distribution  closely  resembles  the  available 
aperture,  whether  it  is  physical  or  dynamic.  For  diffusion  in 
one  degree-of-freedom,  the  problem  can  be  cast  in  terms  of 
dimensionless  variables  r  ^  (R/Wa)t  and  Z  =  W/Wa, 
where  R  is  the  rate  of  change  of  the  Courant-Snyder  in¬ 
variant,  W,  of  a  particle  and  Wa  is  the  value  of  W  corre¬ 
sponding  to  the  limiting  aperture  (i.e.,  the  admittance).  The 
solution  to  the  diffusion  equation  is[l] 

=  (1) 

n 

where  the  An  are  the  zeroes  of  the  Bessel  function  Jo{z), 
and  the  Cn  are  given  by 

1 

^  /  fQ[Z)jQ{Xny/Z)dZ ,  (2) 

Jo 

fo{Z)  being  the  initial  particle  phase  space  distribution 
(assumed  to  be  radially  invariant).  In  order  to  match  the 
observed  shape  of  the  antiproton  intensity  variation  in  the 
Tevatron,  the  initial  distribution  needs  to  have  an  rms  size 
comparable  to  the  available  aperture  (a  a).  Once 
the  correct  shape  has  been  established,  the  ratio  of  emit- 
tance  growth  rate  to  initial  emittance  sets  the  time  scale: 
T  =  2{i/e){a/a)H.  In  the  Tevatron,  the  observed  shape  of 
the  antiproton  intensity  curve  over  15  minutes  suggests  that 
this  time  scale  corresponds  to  r  0.04  and  that  a,  or 
a  rather  uniform  distribution  in  the  available  phase  space. 
The  antiproton  beams  coming  from  the  Main  Injector  have 
transverse  emittances  (95%,  normalized)  of  about  207r  mm- 
mrad,  are  rather  Gaussian,  and  the  available  transverse 
aperture  is  approximately  3(j  or  so.  Also,  the  necessary 
emittance  growth  rate  would  have  to  be  e  ^  IOtt  mm- 
mrad/hr,  exceedingly  large.  However,  if  we  apply  the  same 
type  of  analysis  to  the  longitudinal  degree-of-freedom  we 
find  much  more  reasonable  numbers.  Namely,  for  an  ap¬ 
proximately  uniform  beam  (after  coalescing)  entering  a  4 
eV-sec  bucket,  and  a  growth  rate  of  1/3  eV-sec/hr  -  all 
very  consistent  parameters  for  the  Tevatron  -  then  we  get 
T  ^2  (0.33  eV-sec/hr/4  eV-sec)(0.25  hr))  =  0.042.  This 
suggests  that  the  behavior  of  the  beam  lifetime  at  injec¬ 
tion  is  governed  more  by  longitudinal  effects.  Using  Eq.  1 
and  taking  differing  numbers  of  terms  in  the  sum,  we  plot 
N{t)  over  the  range  of  interest  of  r  as  well  as  e~^  in 
Fig.  4  .  For  this  plot,  we  assume  a  uniform  initial  distri¬ 
bution  within  the  aperture.  The  fact  that  we  need  to  keep 
several  terms  (n  >  4)  in  the  expansion  shows  that  several 
time  scales  are  important. 

More  recently  with  the  vertical  dampers  recommisioned, 
the  vertical  chromaticity  has  been  dropped  to  4  units  at  in¬ 
jection.  At  this  lower  chromaticity,  the  anti-proton  intensity 
decays  as  a  simple  exponential. 

Beam  study  with  anti-protons  only 

In  an  anti-protons  only  study  on  September  10,  2002, 
we  observed  that  these  antiprotons  were  indeed  much  more 


Figure  4:  N{t)  using  1, 2, 4,  and  20  terms  in  the  sum.  Also 
plotted  is 

stable  than  with  protons  present.  A  detailed  study  for  all  36 
bunches  on  the  front  porch  showed  that  the  lifetime  is  quite 
high,  i.e.  between  10.6hrs  and  25hrs.  We  found  a  signifi¬ 
cant  correlation  of  the  lifetime  with  the  vertical  emittance 
seen  in  Figure  5.  At  that  time  there  was  a  vertical  aperture 
limitation  due  to  a  Lambertson  magnet  at  CO.  This  was 
removed  during  the  January  shutdown. 


Anti-proton  only  study  -  September  10. 2002 
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Figure  5:  Anti-proton  lifetime  vs  vertical  emittance  in  an 
anti-proton  only  study. 


ACCELERATION 

Beam  losses  on  the  Tevatron  ramp  have  been  significant 
since  the  beginning  of  Run  II  (March  1,  2001).  In  the  last 
year  they  have  become  the  most  significant  contributor  to 
the  Tevatron  inefficiency.  Several  phenomena  take  place  - 
e.g.,  losses  due  to  shaving  on  a  physical  aperture,  limited 
DA  due  to  machine  nonlinearities  and  to  beam-beam  ef¬ 
fects,  loss  of  the  DC  beam,  reduction  of  RF  bucket  area, 
etc.  Figure  6  shows  the  variation  of  several  parameters  on 
the  ramp  in  store  2328  (March  16,  2003,  initial  peak  lumi¬ 
nosity  40.6x10^°  cm”^s“^). 

Two  dedicated  experiments  were  done  to  identify  the 
mechanisms  that  cause  protons  to  be  lost  during  the  ramp. 
In  both  experiments,  only  proton  bunches  were  injected  and 
ramped.  The  conditions  in  the  Booster  and  the  Main  Injec¬ 
tor  were  adjusted  so  that  the  bunches  had  different  intensi¬ 
ties  and  emittances. 

In  the  first  experiment  of  September  24,  2002  we  found 
that  the  losses  were  most  strongly  dependent  on  the  Ion- 
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Figure  6:  Transfer  efficiencies  during  the  ramp  in  store 
2328. 


gitudinal  emittance.  For  example,  uncoalesced  bunches 
which  had  the  smallest  longitudinal  emittance  lost  less  than 
2%  of  their  intensity  during  the  ramp.  At  the  other  extreme, 
coalesced  bunches  with  the  largest  longitudinal  emittance 
lost  about  12%  of  their  intensity  and  furthermore  their  lon¬ 
gitudinal  emittance  decreased  by  about  20%  after  the  ramp. 
This  implies  that  particles  from  the  longitudinal  tails  were 
lost.  We  found  a  weaker  dependence  of  the  loss  on  bunch 
intensity  and  vertical  emittance.  In  the  second  experiment 
on  January  6, 2003  we  attempted  to  isolate  the  dependence 
of  the  loss  on  the  individual  parameters  in  a  controlled  fash¬ 
ion.  This  time  we  also  obtained  the  longitudinal  profiles  of 
the  bunches  at  150  GeV  both  on  the  central  orbit  and  on 
the  helix  and  again  at  980  GeV.  The  longitudinal  dampers 
were  not  turned  on  so  the  longitudinal  oscillations  of  the 
bunches  were  not  damped.  We  found  that  the  most  rapid 
loss  occurs  during  the  first  10  seconds  of  the  ramp  when 
the  bucket  area  is  decreasing  -  see  Figure  7. 
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Figure  7:  The  bucket  area  and  the  beam  intensity  during 
the  initial  stages  of  the  ramp.  A  large  portion  of  the  beam 
loss  occurs  while  the  bucket  area  is  shrinking. 


Protons  only  study  -  Janiuuy  6, 2003 
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Figure  8:  Longitudinal  profiles  of  two  bunches  with  nearly 
the  same  intensity  and  rms  bunch  length  but  very  differ¬ 
ent  losses  during  the  ramp.  The  non-Gaussian  oscillating 
bunch  had  greater  losses  during  the  ramp. 


ing  bunches  had  losses  around  10%,  seen  in  Figure  8.  We 
found  very  little  dependence  on  the  bunch  intensity.  The 
same  was  tme  when  we  accelerated  two  proton  bunches  on 
the  anti-proton  helix. 

During  the  anti-proton  only  study  on  September  10, 
2002,  we  accelerated  the  36  bunches  to  fiat  top.  We  found 
that  there  was  some  loss  (8.5%)  of  DC  beam  from  the  ma¬ 
chine  but  the  bunched  beam  current  losses  were  very  small 
(<  2%)  and  within  the  noise  of  the  measurement.  Analy¬ 
sis  of  stores  when  both  species  are  present  shows  a  strong 
correlation  of  the  anti-proton  loss  during  the  ramp  with  the 
anti-proton  vertical  emittance.  These  are  due  to  the  beam- 
beam  interactions  which  have  a  larger  impact  on  the  larger 
amplitude  anti-protons. 

Beam  losses  during  the  ramp  can  be  minimized  if  the 
longitudinal  and  transverse  emittances  are  as  small  as  pos¬ 
sible.  This  would  require  better  coalescing  in  the  Main  In¬ 
jector,  perhaps  with  the  addition  of  longitudinal  dampers.  It 
might  also  help  to  turn  on  the  longitudinal  dampers  during 
the  ramp  in  the  Tevatron. 
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Abstract 

The  long-range  beam-beam  interactions  limit  the 
achievable  luminosity  in  the  Tevatron.  During  the  past 
year  several  studies  were  performed  on  ways  of  removing 
the  limitations  at  all  stages  of  the  operational  cycle.  We 
report  here  on  some  of  these  studies,  including  the  effects 
of  changing  the  helical  orbits  at  injection  and  collision, 
tune  and  chromaticity  scans  and  coupling  due  to  the 
beam-beam  interactions. 

GENERAL  OBSERVATIONS 

The  Tevatron  is  currently  colliding  36  proton  against  36 
antiproton  bunches,  where  either  beam  consists  of  3 
equally  spaced  trains  of  12  bunches  in  a  conunon  single 
vacuum  chamber.  The  two  beams  are  separated  by  a 
helical  orbit  except  at  the  two  locations  of  High  Energy 
Physics  (HEP)  experiments,  where  they  collide  head  on. 
The  beam-beam  effect  gains  more  and  more  importance 
as  the  Tevatron  beam  intensity  continues  to  increase  in  the 
quest  for  higher  luminosity  [1].  Recently,  the  total  beam 
intensities  injected  into  the  Tevatron  has  been  slightly 
over  10x10^^  protons  and  1,2x10^^  antiprotons,  which, 
subsequently,  yielded  a  peak  luminosity  of  43xl0^°cm'^s'^ 
with  over  8x10*^  protons  and  0.9x10^^  antiprotons  in 
collision.  Intensive  studies  were  carried  out  in  recent 
months  to  understand  and  quantify  limitations  from  beam- 
beam  effects. 

Beam  Loss  Through  Shot 

The  typical  beam  loss  through  the  shot  setup  is  shown 
below  in  Figure  1.  The  red  curve  is  the  energy  of  the 
Tevatron,  the  green  curve  is  the  proton  totaJ  bunch 
intensity,  and  die  black  is  the  total  antiproton  bunch 
intensity.  The  poor  proton  lifetime  is  caused  by  a  limited 
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Figure  1:  Beam  intensity  and  loss  during  injection, 
ramping  and  squeeze 


During  ramping,  there  are  about  10-12%  antiproton 
loss  and  about  5-7%  proton  loss.  There  also  is  about  5% 
combined  beam  loss  during  low  beta  squeeze  and  halo 
removing  process. 

The  losses  are  smaller  for  shorter  bunches  (-30%  of 
longitudinal  emittance  reduction  will  reduce  losses  to  -  3- 
4%)  and  for  smaller  transverse  emittance  (almost  no 
losses  occur  if  the  transverse  emittances  are  less  than  12 
pi  mm  mrad,  while  typical  emittances  are  20-25  pi  mm 
mrad).  Antiproton  losses  are  much  higher  in  case  of 
insufficient  separation. 

Antiproton  Only 

A  study  with  antiprotons  only  proved  that  the 
antiproton  loss  on  the  ramping  is  caused  by  the  beam- 
beam  effect.  Figure  2  shows  the  antipron  intensity  during 
ramping  and  squeezing.  No  bunched  beam  loss  (red 
curve)  is  observed;  some  DC  beam  (black  curve)  is  lost 
during  ramping. 

Antiproton  Only  Store:  1%  loss  on  ramp.  tggQ=160  hrs 
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Figure  2:  Beam  intensity  during  antiproton  only  store. 

Comparing  the  antiproton  losses  in  Figures  1  and  2,  we 
conclude  that  the  loss  is  mainly  caused  by  the  presence  of 
strong  proton  bunches. 

Inproving  Sequence  #13 

The  antiproton  loss  due  to  insufficient  separation  was 
also  a  problem  at  the  initial  stage  of  Tevatron  Run  II 
operation  as  shown  in  Figure  3. 


Figure  3:  The  antiproton  losses  due  to  the  insufficient 
beam  separation  (left)  and  its  solution  (right). 
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There  was  a  huge  antiproton  loss  during  the  ramp  when 
the  Tevatron  energy  was  greater  than  500  GeV  in  ramping 
sequence  #13,  which  is  illustrated  by  the  cyan  curve 
(CtFBIANG)  on  the  left  of  Figure  3.  After  painstaking 
studies,  the  problem  was  identified  as  an  insufficient 
beam  separation.  The  solution  was  one  more  ramping 
break  point  with  increased  beam  separation,  which  was 
added  between  ramping  sequences  #13  and  #14.  After  this 
improvement,  the  loss  due  to  beam-beam  effects  was 
eliminated  as  shown  in  the  similar  graph  on  the  right  of 
Figure  3. 


TUNE  MEASUREMENT 

There  are  basically  3  systems  for  tune  measurement  in 
the  Tevatron  [2].  These  include  two  Schottky  systems,  an 
old  one  at  21  MHz  and  a  new  one  at  1.75GHz,  and  the 
tune  meter  which  measures  the  beam  betatron  oscillation 
frequency  by  FFT  and  is  able  to  measure  the  tune  bunch 
by  bunch.  The  beam  can  be  excited  using  either  a  stripline 
kicker  or  the  Tevatron  electron  lens  [3]. 


Tune  Scan 

One  can  find  the  best  working  point  for  protons  and 
antiprotons  by  a  tune  scan.  Figure  4  is  the  result  of  one  of 
the  tune  scans  carried  out  at  the  end  of  a  HEP  store. 

Q  Antiproton  Loss  Rate;  available  dQ  <  0.006 

UstPb-EoS  Dec.14  2002 

^ . . I  nil  III  nil  I 


Proton  Loss  Rate;  available  dQ<  0.012  * 
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The  tune  scan  shown  in  the  figure  above  displayed  the 
loss  versus  the  working  point.  The  proton  and  antiproton 


losses  were  measured  by  the  CDF  detector.  The  top  figure 
shows  the  loss  rate  of  protons  and  the  bottom  one  that  of 
antiprotons.  The  blue  color  in  the  above  graph  indicates 
small  losses  and  the  crosses  stand  for  the  initial  nominal 
working  point  at  the  time  of  the  tune  scan  study.  It 
indicates  that  there  is  some  room  for  daily  operational 
optimization  of  the  working  point. 

Tune  Diagram 

By  exciting  or  gating  individual  bunches,  we  can 
measure  the  bunch  by  bunch  tune  of  the  36x36  bunches. 
The  graph  below  shows  the  tunes  of  the  36  antiproton 
bunches  at  the  end  of  the  store. 

EoS  Measurements  of  pbor  bunch  tunes  - 12/03/2002 

0.594 
0.592 
0.590 
0.588 
®  0.586 
%  0.584 
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§  0.582 
0.580 
0.578 
0.576 

Bunch  Number 

Figure  5:  The  bunch  by  bunch  tune  of  the  antiproton 
bunches 

For  this  study,  we  ‘tickled’  each  antiproton  bunch  and 
measured  the  tune  spectrum  by  the  Schottky  signal 
monitor.  We  found  that  the  vertical  tune  of  the  first  bunch 
in  the  train  of  12  bunches  was  lower  and  a  few  bunches  at 
the  end  of  the  train  had  higher  tune.  The  magnitudes  of 
the  the  tune  shifts  and  the  fact  that  leading  and  trailing 
bunches  are  strongly  affected  agree  with  the 
simulations[l][4].  The  first  bunch  had  a  lower  tune 
because  it  missed  one  long  range  beam-beam  collision 
and  the  higher  tune  was  due  to  the  fact  the  last  few 
bunches  had  smaller  emittances. 

Beam-beam  Effects  at  980GeV 

0.60 


0.59 

Vy 


Figure  6:  Th 

The  Figure  6  shows  the  usual  working  points  of  the 
Tevatron  for  proton  and  antiproton  bunches.  The  tunes  of 
both  beams  overlap  12*  order  resonance  lines. 


V* 


tune  diagram  of  the  proton  and  antiproton 
bunches 
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Emittance  Scallops 

Another  beam-beam  effect  observed  in  the  Tevatron  is 
that  occasionally  antiproton  emittances  blow  up  when  the 
tunes  of  the  antiproton  bunches  are  not  optimized.  The 
emittance  blows  up  slowly,  over  about  5~15min. 
Afterwards  we  observe  an  enhanced  emittance  variation 
from  bunch  to  bunch,  which  is  shown  in  Figure  7,  and  is 
called  the  emittance  scallop  effect. 


Figure  7:  Emittance  scallops  of  Antiproton  bunches 
measured  by  Tevatron  Fly  wire. 


The  emittance  blow  up  degrades  the  luminosity.  Thus, 
some  studies  were  carried  out  trying  to  use  the  TEL  as 
beam-beam  compensation  to  eliminate  these  emittance 
blow  ups  [5].  Moreover,  we  must  be  careful  in  choosing 
the  Tevatron  working  point.  Unfortunately,  the  tunes  and 
coupling,  etc.  are  drifting  in  time  [6].  It  takes  a  lot  of 
effort  to  re-optimize  the  Tevatron  in  every  other  week. 


EFFECTS  OF  HELIX  SIZE 

One  of  the  most  direct  studies  on  long  range  beam- 
beam  effect  was  carried  out  by  investigating  the  effects  of 
the  helix  size  on  the  colliding  beams.  Figure  8  below 
shows  the  proton  and  antiproton  losses  versus  the  helix 
sizes  of  the  Tevatron  beam  orbit  for  980GeV  at  the  end  of 
HEP  store. 


EoS:  losses  vs  helix  size  store#2328 


Helix  size,  100% 

Figure  8:  The  beam  losses  versus  the  beam  separation. 

The  loss  rates  are  low  and  approximately  flat  within 
82^-1 10%  of  the  nominal  helix  size,  and  they  went  up  as 
the  helix  size  is  decreased,  which  agrees  with  theoretical 
expectations,  since  much  stronger  long  range  beam-beam 


effects  cause  larger  beam-beam  tune  shifts  and  shift  the 
more  of  the  beam  onto  nonlinear  resonances,  as  the  beam 
separation  gets  smaller. 

EFFECTS  OF  THE  CHROMATICIY 

The  chromaticity  is  the  main  factor  which  causes  proton 
beam  losses  during  injection  at  150GeV  when  the  proton 


beam  is  on  the  helical  orbit.  Generally,  the  lower  the 
chromaticity,  the  less  is  the  proton  loss.  The  Figure  9 
above  shows  a  chromaticity  scan  at  injection  energy  on 
the  proton  orbit  for  coalesced  bunches.  One  can  see  that 
when  the  horizontal  chromaticity  was  lowered  to  1  unit, 
we  had  minimum  losses.  However,  we  could  lower  the 
vertical  chromaticity  onuly  down  to  4  units,  where  the 
head-tail  instability  occurred.  For  normal  Tevatron 
operation,  we  now  apply  transverse  beam  feedbacks,  in 
order  to  be  able  to  lower  the  chromaticity  to  improve  the 
proton  lifetime  at  injection. 

SUMMARY 

Beam-beam  effects  are  the  key  to  further  Tevatron  Run 
II  upgrades.  Intensive  studies  were  carried  out  on  beam 
separation  scheme^  working  points,  beam  emittance 
control,  etc.  We  have  plans  and  a  schedule  for  further 
beam-beam  studies  aimed  at  improving  the  Tevatron 
performance  with  increasing  beam  intensity,  so  as  to 
provide  a  higher  luminosity  and  stable  operation. 
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THEORETICAL  STUDIES  OF  BEAM-BEAM  EFFECTS  IN  THE 
TEVAIRON  AT  COLLISION  ENERGY 

T.  Sen*t,  B.  Erdelyi  and  M.  Xiao 


Abstract 

The  dynamics  due  to  the  long-range  beam-beam  inter¬ 
actions  depends  on  several  beam  parameters  such  as  tunes, 
coupling,  chromaticities,  beam  separations,  intensities  and 
emittances.  We  have  developed  analytical  tools  to  cal¬ 
culate,  for  example,  amplitude  dependent  tune  shifts  and 
chromaticities,  beam-beam  induced  coupling,  and  betatron 
and  synchro-betatron  resonance  widths.  We  report  on  these 
calculations  and  dynamic  aperture  calculations  with  long¬ 
term  tracking.  These  theoretical  results  are  compared  with 
observations  at  collision  energy  and  used  to  predict  perfor¬ 
mance  at  design  values  of  beam  intensities  and  emittances. 

1  INTRODUCTION 

Beam-beam  phenomena  have  limited  the  beam  currents 
and  the  luminosity  achievable  in  the  Tevatron.  Injected  pro¬ 
ton  currents  are  about  10  times  larger  than  the  anti-proton 
currents  so  beam-beam  effects  have  largely  acted  on  the 
anti-protons  at  all  stages  of  the  operational  cycles.  At  col¬ 
lision  of  Tevatron  Run  Ila  ,  36  anti-proton®  bunches  in 
three  trains  of  twelve  bunches  collide  with  36  proton® 
bunches.  Each  bunch  will  experience  two  head-on  inter¬ 
actions  at  BO  and  DO  and  seventy  long-range  interactions. 
These  long-range  are  distributed  over  the  entire  ring  with 
differing  beam  separations  and  differing  phase  advances 
from  one  interaction  to  the  next.  Fig.  1  shows  the  beam  sep¬ 
arations  (in  unit  of  the  r.m.s,  beam  size)  at  all  the  seventy- 
two  locations  of  beam-beam  interactions  for  bunch  1, 6  and 
12.  The  simulation  of  long-term  tracking  shows  that  long- 
range  beam-beam  interactions,  in  particular,  these  nearest 
interactions  have  the  dominant  effects  on  the  dynamic  aper¬ 
ture.  It  is  well  known  that  the  long-range  beam-beam  force 
generates  amplitude  dependent  tune  shift,  which  in  turn 
implies  that  the  chromaticity  shift  is  also  amplitude  depe- 
dent.  These  amplitude  dependencies  induce  the  familiar 
tune  footprint,  and  also  coupling  and  chromaticity  spread 
within  a  bunch. 

We  have  developed  analytical  tools  to  calculate,  for  ex¬ 
ample,  amplitude  dependent  tune  shifts  and  chromaticities, 
beam-beam  induced  coupling,  and  betatron  and  synchro¬ 
betatron  resonance  widths.  In  this  paper,  we  report  on  these 
calculations. 

2  BEAM-BEAM  TUNE  SHIFT 

For  details  on  the  derivation  of  the  formulae  see  [1]. 
The  expression  for  the  horizontal  amplitude  dependent  tune 
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Figure  1:  Separations  at  beam-beam  encounters  for  pbar 
bunch  1,  6  and  12 


shift  is 


Jo  V  [v  (r^  -  1)  +  1]^^^ 


(1) 


where 


As  shorthand  notations  we  introduced  the  ratio  of  rms  beam 
sizes  r  =  cTy /(Jo:,  and  dimensionless  variables  for  the  am¬ 
plitudes  and  separations  according  to  =  \JWxJxl(yx, 
^x  —  Dxldx  and  similarly  defined  ay  and  dy.  Using 
these  notations,  the  following  relationships  have  been  used 
in  (1).  =  V  /2,  Sx  =  vaxdx-t 

Py  =  /2,  Ty  =  fva’^f2,  Sy  ==  fvaydy, v/here 

^  ~  u(r^-i)+i-  vertical  amplitude  dependent  tune 
shift  is  derived  analogously,  due  to  symmetry  in  x  and  y. 

For  example,  the  tune  footprint  shown  in  Figure  2  in¬ 
cludes  all  beam-beam  interactions  acting  on  p  bunch  6,  and 
the  analytical  results  are  superimposed  on  the  footprint  ob¬ 
tained  by  tracking. 


3  BEAM-BEAM  CHROMATICITY 

To  provide  a  formula  for  the  computation  of  the  chro¬ 
maticities,  we  split  the  separation  into  two  parts:  one  due 
to  the  closed  orbits  of  on-momentum  particles,  the  other 
due  to  dispersion  for  off-momentum  particles.  Dfenoting 
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Figure  2:  Tune  footprints  corresponding  to  all  72  interac¬ 
tions.  Shown  is  a  superposition  of  the  analytical  results 
with  the  tune  footprints  obtained  by  FFT  of  tracking  data. 


Figure  3:  Zero  amplitude  chromaticities  of  a  train  of  12 
anti-proton  bunches. 

the  dispersion  (in  units  of  rms  beam  size)  at  the  location  of 
the  interaction  by  rj,  first  we  make  the  following  replace¬ 
ments  in  (1):  dx  ^  dx-\-  r]x6,  dy  dy-{-  rjyS^  where  6  is 
the  relative  momentum  or  energy  deviation.  The  horizontal 
zero  amplitude  chromaticity  is  given  by 

4 

The  vertical  chromaticity  can  be  calculated  similarly. 

Figure  3  shows  the  zero  amplitude  chromaticities  of  a 
train  of  12  p  bunches.  Notice  the  large  variations  in  the 
bunch-to-bunch  horizontal  chormaticities. 

4  BEAM-BEAM  INDUCED  COUPLING 


Collision  Energy;  present  panuncters 


Bnndt  Number 

Figure  4:  Small  amplitude  beam-beam  coupling  at  colli¬ 
sion 


5  RESONANCE  STRENGTHS 

Resonance  driving  terms  have  been  computed  by  the 
normal  form  method  in  the  code  Cosy  Infinity.  Their  nor¬ 
malization  along  the  diagonal  at  an  amplitude  of  2cr  and 
summation  over  the  subresonances  are  shown  in  Figure  5. 
The  two  pictures  show  the  resonance  strengths  of  the  reso¬ 
nances  driven  by  the  lattice  nonlinearities,  and  by  the  addi¬ 
tion  of  the  beam-beam  interactions.  The  laigest  strength  is 
always  scaled  to  1.  Clearly,  the  lattice  drives  mostly  third 
order  resonances  while  the  beam-beam  effects  drive  the 
seventh  and  fifth  order  ones.  There  is  no  single  dominat¬ 
ing  resonance.  This  makes  active  beam-beam  compensa¬ 
tion  harder.  We  are  looking  into  current  wire  correction  of 
the  resonance  strengths,  and  as  a  first  step  we  are  investigat¬ 
ing  whether  with  a  few  appropriately  placed  wires  the  same 
type  of  resonance  structure  could  be  excited.  In  case  of  af¬ 
firmative  answer  the  beam-beam  driven  resonances  could 
be  significantly  reduced. 


6  FOOTPRINT  COMPENSATION 


The  minimum  tune  split  is  a  measure  of  the  global  cou¬ 
pling  and  is  given  by  the  amplitude  of  the  complex  term 
driving  the  difference  resonance  [I'x  —  ^y)  ~  P  [2].  This 
driving  term  due  to  beam-beam  interaction  at  a  location  s 
in  the  ring  is  given  by 


Fiaxitty)  — - (Qx  +  dx)(uy  +  dy) 

27r7p  crj 

X  exp  -  V’y  -  -  P)^)}  X 

L 


dv-. 


0  -  1)  +  l]3/2 

exp  {-|[(Ox  +  4)  +  /(“a  +  ^a)]} 


(5) 


Fig.  4  shows  the  minimum  tune  splits  of  zero  amplitude 
particles  for  12  bunches  in  a  train.  Bunch  to  bunch  differ¬ 
ence  in  coupling  can  be  identified. 


Since  at  collision  the  nearest  parasitics  dominate  the 
nonlinear  dynamics,  we  attempted  to  minimize  the  foot¬ 
prints,  by  compensating  for  the  aspect  ratios  or  dispersions, 
as  shown  in  [1].  Compensation  of  aspect  ratios  clearly  re¬ 
duces  both  the  shift  and  the  spread  of  the  tunes,  as  can  be 
seen  in  the  left  plot  of  Figure  6.  On  the  other  hand,  com¬ 
pensation  of  aspect  ratios  does  not  have  a  dramatic  effect 
on  the  chromaticity  footprint.  Perhaps  more  importantly, 
aspect  ratio  compensation  does  not  harm  the  chromaticity 
footprint.  The  chromaticity  footprint  is  mainly  affected  by 
compensation  of  the  dispersions;  there  is  a  significant  re¬ 
duction  in  the  size  of  the  footprint.  The  result  is  contained 
in  right  plot  of  Figure  6.  Unfortunately,  by  tracking  with 
the  conditions  corresponding  to  the  compressed  footprints 
we  concluded  that  the  compensations  have  a  marginal  ef¬ 
fect  on  the  DA,  increasing  the  average  DA  by  up  to  0.5 
<7  and  the  minimum  by  1  a,  but  fail  to  show  the  dramatic 
effects  similar  to  the  footprint  size  reduction. 
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Figure  5:  Resonance  strengths  at  collision  a)  without  and  b)  with  beam-beam  effects. 


6WLn=arccot(r) 
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Figure  6:  Left:Tune  and  Right:  Chromaticity  footprint  compensation  of  the  nearest  parasitic  beam-beam  interactions. 


7  NONLINEAR  EFFECTS  ON  DYNAMIC 
APERTURE 

We  have  calculated  DA(Dynamic  Aperture)  due  to  the 
beam-beam  effects  by  long-term  tracking  [3].  Due  to  the 
large  proton  bunch  length(comparable  to  /5*=0.35m)  and 
the  rapidly  varying  betatron  phase  at  the  IPs,  the  anti¬ 
protons  experience  these  kicks  over  a  range  of  phases. 
For  head-on  interactions,  we  divided  a  proton  bunch  into 
9  slices,  taking  the  bunch  length  effects  into  account. 
These  effects  include  hour  glass  effects  (assuming  a  Gaus¬ 
sian  beam  distribution  longitudinally)  and  phase  variations 
(propagation  between  slices).The  long-range  interactions 
are  modeled  by  delta  function  kicks.  Fig.  7  gives  the  dy¬ 
namic  aperture  in  function  of  proton  bunch  intensities  for  p 
bunch  1.  6  and  12.  Particles  are  tracked  for  100,000  turns. 
We  can  see  that  DA  of  p  bunch  1  is  better  than  that  of  p 
bunch  6  except  at  one  point.  DA  of  p  bunch  12  is  also  bet¬ 
ter  than  that  of  p  bunch  6  at  most  of  the  intensities. 

8  CONCLUSION 

We  have  developed  analytical  tools  for  the  computation 
of  the  amplitude  dependent  tune  shifts,  linear  chromatic- 
ities  and  couplings  due  to  beam-beam  interactions.  The 
expressions  can  be  used  for  efficient  numerical  evaluation 
at  any  amplitude,  separation,  dispersion  and  aspect  ratio. 

At  collision,  the  DA  is  largely  dependent  on.proton  in¬ 
tensity,  and  different  from  bunch  to  bunch.  We  found  that 


Dynamic  aperture  of  anti-proton  bunches  (10*  turns) 


Figure  7:  Dynamic  aperture  V5.  proton  beam  intensity 

the  DAs  are  determined  by  the  long-range  interactions.  The 

tune  footprint  is  largely  determined  by  the  head-on  colli¬ 
sion,  but  head-on  collision  have  very  little  effect  on  the  DA. 
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Abstract 

We  compare  the  Tevatron  luminosity  as  measured  by 
the  CDF  and  DO  experiments  with  that  computed  from 
machine  characteristics.  We  also  compare  the  CDF 
measurements  of  the  size  of  the  interaction  region  with 
that  predicted  by  machine  parameters.  Although  these 
results  are  still  preliminary,  they  show  promise  as  a  useful 
crosscheck  of  the  instrumentation  and  our  imderstanding 
of  the  Tevatron  machine  characteristics. 


where  cr  is  the  rms  beam  size,  s  -  {Sp  e-  )/((^+  )  is  a 

pseudo-emittance  and  zq  is  the  z  location  where  ^  is  a 
minimum.  Note  that  if  the  p  and  pbar  emittances  are 
equal,  the  pseudo-emittance  is  half  Ae  equivalent  beam 
emittance. 

Although  not  discussed  in  this  paper,  CDF  can  measure 
the  bunch  lengths  of  the  p  and  pbar  bunches  separately  by 
using  the  Central  Outer  Tracker  (COT)  information  in 
conjunction  with  the  time  of  flight  (TOF)  system[2]. 


INTRODUCTION 


Understanding  the  behavior  of  the  Tevatron  depends  on 
understanding  the  instrumentation  and  the  lattice 
parameters.  The  experiments  DO  and  CDF  provide 
independent  measurements  of  the  luminosity[l]  and  of  the 
size  of  the  luminous  region.  The  luminosity 
(lO^^cm'^sec'^)  can  also  be  calculated  from  lattice 
parameters  and  beam  measurements  in  the  Tevatron,  as 


^^^'J{e+eMe+£-] 


Mcrjp-).  (1) 


Here,  Np  and  N-  are  the  numbers  of  protons  and  anti¬ 
protons  per  bunch  (~10^),  B  is  the  number  of  bunches 
(36),  /  is  the  revolution  frequency  (47.7  KHz)  and 
>5^7^=1045  is  the  relativistic  factor,  y^is  the  beta 
function  at  the  interaction  point  (measured  in  cm,  and 
assumed  equal  in  x  and  y).  H  is  the  hourglass  factor,  a 
function  of  the  bunch  length  and  ,  and  finally  Sp  and 
are  the  proton  and  anti-proton  95%  normalized 

emittances  in  7i-mm-mr.  Comparing  the  calculated 
luminosity  to  the  measured  one  provides  a  crosscheck 
between  the  Tevatron  beam  instrumentation  and  the 
detectors. 

The  experiments  very  accurately  measure  the  size  of 
the  luminous  regions  at  the  interaction  points  as  a 
fimction  of  z  (distance  along  the  beam  axis)  from  the 
distributions  of  primary  vertices  as  measured  by  the 
silicon  vertex  detectors.  In  the  simplest  model. 


SIZE  OF  THE  LUMINOUS  REGIONS 

CDF  has  fit  for  s,  p"  and  zo  in  Equation  2  for  20  runs  in 
14  stores  from  the  last  6  months  of  2002.  Figure  1  shows 
typical  distributions  for  one  run  with  fits  to  Equation  2. 
The  average  values  of  the  parameters  are  given  in 
Table  1.  The  average  is  38  cm,  9%  larger  than  the 
nominal  35  cm  and  the  minimums  are  displaced  with 
respect  to  the  center  of  CDF.  It  is  expected  that  and  zq 
are  the  same  store  to  store,  but  not  s.  Fixing  to  the 
average  y^,  38.6  cm  in  x  and  38.0  in  y,  and  then  refitting 
improves  the  fits,  while  fixing  to  the  nominal  35  cm 
gives  slightly  worse  fits.  The  average  over  20  runs  of  the 
run-by-run  ratio  of  x  and  y  pseudo-emittances  is  1.01±.04. 
If  the  proton  and  anti-proton  emittances  are  assumed  to  be 
the  same  ,  then  the  pseudo-emittances  imply  that  their 
values  are  15.7+1.5  7c-mm-mr  in  the  horizontal  plane  and 
15.8+1.5  7c-mm-mr  in  the  vertical  plane.  The  largest 
uncertainties  in  the  vertex  measurements  are,  first,  that 
they  integrate  over  a  significant  time  period,  ranging  from 
4  to  15  hours  with  an  average  of  8  hours,  in  which  the 
emittances  are  changing,  and,  second,  they  rely  on  proper 
subtraction  of  the  measurement  resolution.  In  ihis 
preliminaiy  analysis  the  experimental  resolution  that  is 
subtracted  in  quadrature  from  the  uncorrected  beam  width 
is  about  equal  to  the  resulting  beam  width. 

* 

The  flying  wires  give  a  ratio  of  anti-proton  to  proton  emittance  of 
1.00±.22  in  the  horizontal  plane  and  1.03±.13  in  vertical  plane,  based  on 
data  from  95  stores. 

This  works  was  supported  by  Department  of  Energy  of  the  U.S.  under 
contract  no  DE-AC002-76CH03000  and  by  the  Natural  Sciences  and 
Engineering  Research  Council  of  Canada. 
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Table  1  Luminosity  weighted  averages  over  20  runs  from  fits  to  Equation  2.  The  errors  are  the  weighted  standard 
deviations.  The  emittances  8x  and  Sy  are  pseudo-emittances  as  defined  in  the  text.  The  column  labeled  equivalent 
emittance  is  obtained  by  inverting  {Sp  )l2{£p+  ),  assuming  the  proton  and  anti-proton  emittances  are  the  same. 


Px 

(cm) 

py 

(cm) 

ex 

ji-mm-mr 

£y 

7t-mm-mr 

Zox 

(cm) 

Zoy 

(cm) 

equivalent 

emittance 

TT-mm-mr 

Px,  Py  free 

38.6±2.5 

38.0+3.0 

7.9+1.1 

7.8+1.0 

14.2+1.6 

-9.2+1.7 

15.7+1.5 

Px,  py  fixed 

38.6 

38.0 

8.0+1.1 

7,9+1. 1 

14.3+3.1 

-9.2+1.4 

15.8+1.5 

Px.  3v  fixed 

35.0 

35.0 

8.3+1.2 

8.1±1.2 

13.3+1.1 

-8.5±1.4 

LUMINOSITY  DETERMINATIONS 

Using  Equation  1,  we  compare  the  luminosities  as 
measured  by  CDF  and  DO  with  the  calculated 
luminosities.  The  intensities  are  measured  using  the  FBIs 
(Fast  Bunch  Integrator) [3],  The  hourglass  factor  is 
calculated  using  the  bunch  length  at  from  the  SBD 
(Sampled  Bunch  Display)[4]  and  the  emittances  are 
measured  by  either  the  flying  wire  system  (FW)[5]  or  the 
synchrotron  light  (SL)  system[6].  Since  the  flying  wires 
cause  background  for  Ae  experiments,  they  are  only 
flown  once  at  the  beginning  of  the  store  and  then  again  at 
the  end,  just  before  terminating  the  store.  The  SL 
measurements  are  made  continuously  throughout  the  HEP 
store. 


calculated  luminosity  uses  the  SL  emittances  and  assumes 
that  the  horizontal  emittance  equals  the  vertical  one  for  p 
and  pbar  respectively.  The  main  characteristic  of  the 
plots  is  a  systematic  scale  factor  that  is  a  function  of 
luminosity,  although  with  different  intercepts  and  slopes. 
In  Figure  2  the  slope  is  -0.22+0.03  and  the  intercept  is 
0.92±.02(Fit  1).  In  Figure  3,  the  slope  is  ~0.0634±0.0002 
and  the  intercept  is  0.7702+0.0003(Fit  2),  The  equivalent 
analysis  but  for  CDF,  gives  -0.0826+0.0012  and 
0.7455±0.0008(Fit  3). 

We  now  investigate  possible  explanations  for  both  the 
dependences  on  measured  luminosity  and  the  differences 
in  the  fit  parameters.  Note  that  multiplying  the  calculated 
luminosity  by  a  constant  factor  changes  both  the  intercept 
and  the  slope  of  the  fits  to  the  ratio. 


Beam  VMdlh  In  x 


Figure  1  Example  plot  for  one  run  of  20  runs  showing 
luminous  region  size  versus  z  and  the  fits  to  Equation  2. 
Typical  correlation  coefficients  of  the  fits  are  about  -0.8 
for  (/?*=,  f),  0.5  for  0^,  zq),  and  -0.6  for  (s,  zq) 

Figure  2  plots  the  ratio  of  the  bunch-by-bunch 
calculated  luminosity  to  the  CDF  luminosity  at  the 
beginning  of  the  store  as  a  fimction  of  CDF  luminosity  for 
a  sample  of  52  recent  stores.  The  calculated  luminosity 
uses  the  FW  emittances.  Figure  3  shows  the  same  ratio 
but  for  DO,  using  5  stores.  Each  store  has  approximately 
1 00  measurements  taken  every  1 0  minutes .  The 


Dependency  of  the  luminosity  scale  factor 


Figure  2  Ratio  of  calculated  to  measured  CDF  per  bunch 
luminosity  at  the  beginning  of  the  store  for  a  sample  of  52 
stores  versus  CDF  luminosity. 

We  first  consider  the  measured  luminosities.  Both 
CDF  and  DO  quote  statistical  errors  of  less  than  1%  and 
systematic  errors  of  about  ±5%.  The  ratio  of  the  total  DO 
measured  luminosity  to  that  of  CDF  versus  CDF 
luminosity  is  linear,  with  an  intercept  of  0.984±.001  and  a 
slope  of  -0.001 94+.00005.  (At  CDF  luminosities  of  20 
and  40  10"^^^  cm'^  sqc\  the  ratio  is  0.95  and  0.91 
respectively.)  This  difference  is  enough  to  account  for  the 
difference  between  the  DO  and  CDF  versions  of  the  fits  to 
the  data  in  Figure  3  quoted  above.  Although  there  are 
significant  store-to-store  variations,  within  errors  the 
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measured  luminosities  for  CDF  and  DO  are  linear  with 
proton  and  anti-proton  intensities,  with  no  offset. 

Np  and  N-  have  been  calibrated  to  ±2%.  H  is  not  very 

sensitive  to  errors  in  at  and  is  quite  constant  for  the  data 
in  Figures  2  and  3.  For  the  data  in  Figure  2,  the  average 
H  is  .48±.02,  and  the  average  o}  is  2.4±.4  ns  for  anti¬ 
protons  and  2.5±.5  ns  for  protons.  By  definition,  the  p* 
dependence  is  independent  of  luminosity,  A  larger  than 
nominal  p*  as  indicated  by  the  luminous  region 
measurements  reported  above  makes  the  disagreement 
slightly  worse.  If  /?*were  different  at  DO  than  at  CDF,  it 
could  help  explain  the  differences  between  Fits  2  and  3. 
Most  Tevatron  experts  believe  the  lattice  parameters  are 
only  know  to  ±10%.  These  two  factors  could  explain  an 
intercept  and  slope  factor  of  the  order  of  ±10%. 

The  final  factor  in  Equation  1  is  the  combination  of 
emittances  Femir +£■_)(£•  +£•_)  •  A  major  difference 

between  the  data  sets  in  Figures  2  and  3  is  that  the 
calculated  luminosity  uses  the  flying  wire  emittances  in 
the  first  case  and  the  synchrotron  light  emittances  in  the 
second  case.  There  is  direct  evidence  of  a  difference 
between  the  flying  wire  emittances  and  those  measured  by 
synchrotron  light.  Both  measurements  of  emittances  are 
recorded  simultaneously  at  the  beginning  of  each  store. 
Comparing  the  ratios  of  emittances  bunch  by  bunch  over 
a  large  number  of  stores  gives  the  relationships  between 
the  two  methods  shown  in  Table  2.  However,  this  study 
gives  no  information  as  to  whether  either  of  them  is 
correct.  Preliminary  beam  scraping  results  give  good 
agreement  with  proton  vertical  emittances  and  show 
significant  discrepancies  for  the  anti-proton  vertical 
emittance  measurements,  in  agreement  with  Table  2, 
indicating  that  the  flying  wire  emittances  are  somewhat 
more  reliable  than  the  synchrotron  light  measurements. 
However,  there  is  also  evidence  that  the  lattice  parameters 
at  the  synchrotron  light  and  flying  wire  locations  are 
different  from  what  is  assumed  in  these  calculations  and 
could  explain  some  of  the  inconsistencies. 

The  effective  emittance  is  defined  by  solving  Equation 
1  for  the  factor  Femu^  This  can  then  be  directly  compared 
to  Femit.  evaluated  with  FW  emittance  measurements.  For 
the  same  data  as  in  Figure  2  averaged  over  all  36  bunches 
in  the  machine,  the  ratio  of  the  FW  Femu-  to  the  effective 
emittance  is  linear  in  measured  luminosity  with  an 
intercept  of  0.97±0.03  and  a  slope  of  -0.004±.001  For 
luminosities  of  20  and  40  10^^cm“^sec"\  this  translates 
into  ratios  of  effective  emittance  to  Femu  of  .84-.94  and 
.74-. 8 8  respectively.  This  result  is  very  consistent  with 
the  ratio  (.85)  of  the  average  effective  emittance  19.6±2.9 
and  the  average  flying  wires  emittance  factor  23.0±3.2  n 
mm  mr  evaluated  for  the  same  data. 

DISCUSSION  AND  CONCLUSIONS 

In  this  paper  we  have  summarized  current,  as  yet 
preliminary,  imderstanding  of  the  agreement  between 
accelerator  performance  numbers  as  measured  by 
Tevatron  instrumentation  compared  to  what  is  seen  by  the 


experiments.  While  there  is  qualitative  agreement,  much 
remains  to  be  done.  The  different  aspects  of  the 
comparisons  need  to  be  done  on  the  same  data  sets.  DO  is 
doing  a  luminous  region  study  similar  to  that  of  CDF  and 
both  experiments  are  working  on  another  method[7]  of 
measuring  the  size  of  the  luminous  region  in  which  the 
measurement  resolution  factors  out,  providing  an 
important  crosscheck.  More  scraping  studies  and  better 
knowledge  of  the  lattice  parameters  will  help  calibrate  the 
flying  wires  and  the  synchrotron  light.  We  thank  all 
members  of  the  Sequenced  Data  Acquisition  team  for 
their  dedicated  support 
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Figure  3  Ratio  of  calculated  to  measured  DO  bunch-by¬ 
bunch  luminosity  during  5  stores  versus  DO  measured 
luminosity. 

Table  2.  Coefficients  for  the  best  linear  fit  formula  for 
synchrotron  light  emittances  (SL)  in  terms  of  the  flying 
wire  (FW)  emittances  (SL  =  Intercept  +  Slope*FW). 


Quantity 

Slope 

Intercept 

£x  for  protons 

1.12±0.14 

8.9±2.0 

£v  for  protons 

1.28±0.17 

-0.5±4.7 

for  anti-protons 

0.65±0,21 

34.2±4.3 

for  anti-protons 

0.64±0.21 

14.1±6.5 
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CORRECTION  MAGNETS  FOR  THE  FERMILAB  RECYCLER  RING 

GW  Foster,  HD  Glass,  C  Gattuso,  DE  Johnson,  CS  Mishra,  JT  Volk.  M-J  Yang 
FNAL,  Batavia,  IL  60510,  USA 


Abstract 

In  the  commissioning  of  the  Fermilab  Recycler  ring  the 
need  for  higher  order  corrector  magnets  in  the  regions  near 
beam  transfer  lines  was  discovered.  Three  types  of 
permanent  magnet  skew  quadrupoles,  and  two  types  of 
permanent  magnet  sextupoles  were  designed  and  built.  This 
paper  describes  the  need  for  these  magnets,  the  design, 
assembly,  and  magnetic  measurements. 

1  INTRODUCTION 

The  Fermilab  recycler^  is  an  8  GeV  anti-proton  storage 
ring.  The  magnets  for  this  storage  ring  are  made  of 
combination  gradient  magnets  and  quadrupoles^.  All  main 
magnets  are  hybrid  permanent  magnets  with  low  carbon 
steel  pole  pieces  and  strontium  ferrite  to  provide  the  fleld^ 
As  operational  experience  with  the  Recycler  has  been 
gained,  the  need  for  higher  order  correction  elements 
became  apparent.  Beam  measurements  revealed  a  skew 
quad  component  in  the  field  region  of  the  Lambertsons"^ 
used  for  extraction  and  injection  between  the  Main  Injector 
and  Recycler.  To  minimize  the  resultant  x-y  coupling,  a 
pair  of  skew  quads  were  installed  in  the  transfer  line.  The 
transverse  placement  of  the  Lambertsons  in  the  Recycler 
ring  dictated  that  the  closed  orbit  must  be  offset  (-25  mm) 
through  the  field  free  region  of  the  Lambertson  and  the 
adjacent  ring  gradient  magnets.  The  ring  gradient  magnets 
have  built  in  sextupole  that  feeds  down  into  a  quadrupole 
field  due  to  the  orbit  offset.  This  feed  down  disturbs  the 
focusing  properties  of  both  the  injection  and  circulating 
lattice.  A  set  of  three  permanent  magnet  sextupoles  were 
installed  to  cancel  the  integrated  sextupole  component  of 
the  adjacent  gradient  magnets 

2  SKEW  QUADRUPOLES 

The  Lambertson  magnets  use  strontium  ferrite  to 
generate  the  required  field.  The  field  free  region  is  made  by 
gun  boring  a  hole  through  the  Lambertson  base  plate.  Due 
to  the  variation  of  the  residual  B  field  in  the  ferrite,  a  skew 
quadrupole  moment  is  induced  in  the  bend  field  region  of 
the  Lambertson.  To  compensate  this  skew  quad,  several 
different  types  of  corrector  magnets  were  developed. 
Although  each  met  the  integrated  gradient  requirement  of 
0.39  Tesla-meter/meter,  the  rectangular  (2b)  design  was 
installed  in  each  Recycler  to  Main  Injector  transport  line 
due  geometrical  constraints. 
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2a.  Panofsky  Quad 

The  use  of  current  sheets  to  make  a  quadrupole 
focusing  lenses  was  first  suggested  W.  K.  H.  “Pief’ 
Panofsky,  These  current  sheets  can  also  be  realized  by 
the  use  of  permanent  magnet  material.  For  the  panofsky 


style  quad  a  101.6  mm  square  steel  flux  return  was 
built  and  triangular  shaped  grade  8-strontium  ferrite 
magnets  were  put  in  the  comers  (Figure  1).  The  open 
aperture  of  the  magnet,  101.6  mm  by  50.8  mm,  was  set 
by  the  size  of  the  beam  pipe,  A  two  dimensional 
magnetic  model  was  made  in  PANDIRA.  A  Br  of 
3800  Gauss  and  He  of  3500  oersteds  were  used  in  the 
PANDIRA  file.  The  field  was  predicted  to  be  4.96 
Tesla/m,  with  an  integrated  field  of  0.5  Tesla- 
meter/meter  predicted  for  bricks  0.1  m  long.  The 
magnet  was  measured  at  Fermilab’s  Magnet  Test 
Facility  using  a  tangential  coil.  The  integrated  field  was 
found  to  be  0.471  Tesla-meter/meter  or  5.8%  low.  This 
may  be  explained  as  loss  of  field  through  the  ends, 
which  is  not  modeled  in  the  2-D  codes. 

To  adjust  the  integral  gradients,  triangular  pieces  of 
steel  in  the  same  cross-section  as  the  upper  and  lower 
magnets  (101.6  mm  x  50.8mm)  and  0.9  mm  thick  were 
added  at  both  ends  top  and  bottom  to  reduce  the  field. 
Figure  2  shows  the  relation  between  integral  gradient 
versus  the  total  number  of  steel  shims. 

The  simple  linear  relationship  shows  that  the  magnet 
can  be  tuned  over  a  range  of  0.1  Tesla-m/m.  Beyond 
that  range  a  deaf  saturation  of  the  steel  shims  sets  in. 

One  of  the  requirements  for  these  magnets  is  that  the 
Recycler  vacuum  not  be  opened  to  air  during 
installation.  This  required  that  the  magnet  be  split  to 
install  around  the  beam  pipe.  To  accomplish  this  the 
upper  and  side  magnet  material  was  glued  to  the  upper 
flux  return  using  Loctite  Depend  *  The  magnet  was 
mounted  on  the  test  stand  the  top  was  removed  and  re¬ 
installed  multiple  times.  Each  time  the  magnet  was 
measured.  After  the  first  opening  the  field  change  from 
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Figure  2:  Trimming  the  integrated  skew  quad  strength  as  a 
function  of  the  total  number  of  shims  added 


0.4711  Tesla~m/m  to  0.4700  Tesla-m/m.  Successive 
changes  showed  a  variation  of  0.0002  Tesla-m/m  or  4  parts 
in  10"^.  There  was  no  attempt  to  provide  precision  alignment 
between  the  top  and  bottom  parts  of  the  magnet. 

2b.  Rectangular  Skew  Quadrupole 

A  variation  of  the  skew  quadrupole  was  designed.  This 
magnet  required  no  angle  cutting  of  the  Strontium  Ferrite 
magnets.  It  did  require  more  machine  work  on  the  flux 
returns.  Figure  3  shows  the  PANDIRA  output  for  this 
magnet.  The  comers  were  clipped  to  allow  closer 
positioning  of  the  magnet  to  the  adjacent  beam  line.  This 
magnet  was  152.4  mm  in  length  with  a  gradient  of  4.2 
Tesla  per  meter.  This  magnet  was  also  designed  to  be  split 
apart  and  installed  around  the  vacuum  pipe  of  the  recycler. 
Similar  studies  were  using  shorting  steel  were  done  on  this 
type  of  magnet  yielding  similar  results.  The  rectangular 
quad  was  the  final  design  installed  in  the 
Recycler. _ _ 


Figure  3:  Skew  Quad  with  Rectangular  Bricks 

2c.  Halbach  array  quad 

A  third  type  of  skew  quad  was  made  using  a  Halbach 
array  this  is  a  simple  two  magnet  style  skew  quad  as  shown 
in  figure  4.  A  50.8  mm  by  25.4  mm  thick  strontium  ferrite 
center  brick  and  two  25.4  by  25.4  mm  side  bricks  were 


used  to  build  the  array.  The  predicted  strength  was  0,5 1 
Tesla-m/m.  The  measured  strength  was0.60  Tesla-m/m. 
The  higher  measured  strength  was  due  to  variation  in 
the  Br  of  the  ferrite.  Similar  strength  tuning  was  used 
as  the  previous  two  styles  of  magnets. 


i  Flux  Return 


Ferrite 


Figure  4:  Halbach  array  skew  quad  arrows  indicate 
direction  of  the  field  array 


3  SEXTUPOLES 

The  required  integrated  sextupole  strength  to  cancel 
the  sextupole  component  in  each  pair  of  gradient 
magnets  was  determined  by  minimizing  the  lattice 
fimction  distortion  due  to  the  design  orbit  offset 
through  the  pairs  of  gradient  magnets.  The  design 
integrated  strengths,  B”L/2,  ranged  from  1.5  to  2.5 
Tesla/m,  depending  on  lattice  location.  The  basic 
design  selected  was  a  Halbach  array  rolled  around  the 
pipe.  For  the  sextupole  a  total  of  12  pieces  of 
permanent  magnet  material  were  used.  The  direction  of 
the  field  rotated  by  90  degrees  for  each  magnet.  Figure 
5  shows  a  PANDIRA  output  of  the  sextupole. 


Magnet 

material 


-■ 


Figure  5:  Sextupole  field  map  with 
typical  direction  of  Br  shown 

Aluminum  spacers  were  used  to  separate  each  of  the 
segments  of  magnetic  material.  A  hole  was  drilled  the 
length  of  each  spacer  to  provide  a  place  to  install  steel 
washers.  These  washers  were  used  to  adjust  the 
strength  of  the  sextupole  to  the  desired  strength.  Figure 
6  shows  a  plot  of  the  total  number  of  washer  versus  the 
strength  of  the  sextupoles.  A  total  strength  change  of 
83%  was  possible  by  adding  washers  in  all  the  holes. 
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Some  adjustments  of  the  higher  harmonics  were  possible 
by  asymmetric  loading  of  washers.  This  was  not  necessary 
for  these  sextupoles. 


RSZP002-0  strength  vs  wahsers 
y  =  -0.0024X  +  2.6276 


Number  of  Washers 


RSZP002-0  X  scan 


y=  172.46x^  +  45.077x- 


*"*^Pandria  Model 
"""""Poly.  (Data) 


Figure  7:  Hall  probe  scan  of  sextupole  with 
Pandira  model  data 


Figure  6:  Trimming  the  integrated  sextupole  strength  as  a 
function  of  the  total  number  of  shims  added 

The  sextupoles  were  designed  to  clamp  around  the  beam 
pipe.  This  eliminated  the  need  to  disturb  the  Recycler 
vacuum.  It  did  require  that  two  different  internal  diameter 
magnets  to  be  designed.  One  type  fit  around  the  10.16  by 
5.08  cm  elliptical  beam  pipe  and  the  other  type  fit  around 
the  15.24  cm  diameter  bellows.  Studies  were  done  to  assure 
that  the  field  did  not  change  when  the  magnets  were 
disassembled  and  reassemble. 

To  achieve  the  required  fields  the  small  diameter 
sextupole  used  grade  8  strontium  ferrite.  Each  of  the  12 
channels  used  66  mm  of  ferrite  to  achieve  the  desired 
gradient  of  2.3  Tesla  /meter. 

The  larger  diameter  sextupole  use  Neodymium  Iron 
Boron  magnets  with  a  Br  of  11800  Gauss  and  He  of  16000 
Orsteads  part  number  HS  30  CV.  Hitachi  metals  of  Edmore 
Michigan  supplied  the  material. 

Figure  7  shows  the  PANDIRA  prediction  of  the  field  at 
the  mid  plan  along  with  a  hall  probe  scan  of  the  magnet. 
The  offset  in  the  hall  probe  data  is  due  to  differences  in  the 
Br  of  the  magnet  material. 


The  authors  would  like  to  thank  Dr.  B  C  Brown  for 
help  with  preparation  of  this  paper  and  Mark 
Thompson  of  the  Fermilab  Magnet  Test  Facility  for 
help  with  measurements. 
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ANTIPROTON  ACCELERATION  IN  THE  FERMILAB  MAIN  INJECTOR 
USING  2.5  MHZ  (H=28)  AND  53  MHZ  (H=588)  RE  SYSTEMS 


V.  Wu,  C.  M.  Bhat,  J.  A,  MacLachlan,  B.  Chase,  K.  Meisner,  J.  Dey  and  J.  Reid 
FNAL,  Batavia,  IL  60510,  USA 


Abstract 

During  the  Run  II  era  at  Fermilab,  the  Recycler  stores 
antiprotons  at  8  GeV  and  the  Main  Injector  accelerates  the 
antiprotons  and  the  protons  from  8  GeV  to  150  GeV  for 
Tevatron  injection.  The  Recycler  injects  antiprotons  to  the 
Main  Injector  in  2.5  MHz  rf  buckets.  This  report  presents 
an  acceleration  scheme  for  the  antiprotons  that  involves  a 
slow  ramp  with  initial  2.5  MHz  acceleration  and  subse¬ 
quent  fast  acceleration  with  53  MHz  rf  system.  Beam  ac¬ 
celeration  and  rf  manipulation  with  space  charge  and  beam 
loading  effects  are  simulated  using  the  longitudinal  simu¬ 
lation  code  ESME  [1].  Simulation  suggests  that  one  can 
expect  about  15%  emittance  growth  for  the  entire  accel¬ 
eration  cycle  with  beam  loading  compensations.  Prelim¬ 
inary  experimental  results  with  proton  beam  will  also  be 
presented. 

1  INTRODUCTION 

In  Run  II,  four  antiproton  bunches  from  the  Recycler  will 
be  accelerated  in  the  Main  Injector  from  8  GeV  to  1 50  GeV. 
Antiproton  transfer  from  the  Recycler  to  the  Main  Injector 
is  envisioned  as  2.5  MHz  bucket  to  bucket  transfer  to  elim¬ 
inate  injection  mismatch.  An  acceleration  scheme  with  a 
slow  ramp  (2.5  MHz  acceleration)  followed  by  a  fast  ramp 
(53  MHz  acceleration)  was  previously  developed.  (See  ref¬ 
erences  [2,  3,  4].)  The  simulations  in  this  report  follow  a 
similar  track  as  those  of  reference  [3]  and  [4]  with  the  in¬ 
clusions  of  space  charge  and  beam  loading  effects. 

2  SIMULATIONS 

The  Main  Injector  accepts  antiproton  bunches  from  the 
Recycler  with  the  following  initial  beam  and  rf  parameters: 

•  Total  beam  energy:  8.938  GeV 

•  Rf  frequency:  2.5  MHz 

•  Rf  voltage:  2  kV 

•  Invariant  95%  longitudinal  emittance  per  bunch:  1.5 
eVs 

•  Number  of  particles  per  bunch:  6x  10^®. 

The  maximum  accelerating  rf  voltages  are  60  kV  for  the 
2.5  MHz  system  and  4  MV  for  the  53  MHz  system. 

The  ramp  curve  is  shown  in  Fig.  1.  The  minimum  ramp 
time  is  determined  primarily  by  the  maximum  available  2.5 
MHz  rf  voltage  and  the  heating  of  the  ferrite  loaded  2.5 
MHz  cavities.  The  parabolic  ramp  begins  at  0.5  second  (8 
GeV)  and  stops  at  6.2  second  (27  GeV  front  porch)  where 


Figure  1:  Ramp  curve.  The  slope  of  the  ramp  increases  to 
4  GeV/s  at  2  second  and  remains  constant  until  5.2  second 
where  it  ramps  down  to  zero  at  27  GeV  dP/dt  during  53 
MHz  acceleration  is  about  190  GeV/c/s. 

the  transfer  to  53  MHz  system  occurs.  After  53  MHz  cap¬ 
ture,  the  beam  is  accelerated  to  150  GeV  in  about  1.8  sec¬ 
onds. 

The  rf  programs  for  the  2.5  MHz  and  the  53  MHz  ac¬ 
celerations  are  shown  in  Fig.  2  and  3,  respectively.  For 


7^ 

1 

1.2  3  *  5  5 

71WE  (see) 


Figure  2:  Voltage  program  for  2.5  MHz  acceleration. 


Figure  3:  Voltage  program  for  53  MHz  acceleration. 
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the  first  0.5  second,  the  bunches  are  adiabatically  shrunk 
by  increasing  the  rf  voltage  to  60  kV.  Because  of  the  lack 
of  phase  focusing  at  transition,  the  rf  voltage  is  lowered  be¬ 
fore  transition  to  reduce  the  energy  spread.  This  maneuver 
eases  the  problem  of  emittance  dilution  due  to  transition 
crossing.  The  rms  emittance  dilution  for  crossing  transi¬ 
tion  is  about  3%.  At  the  27  GeV  front  porch,  the  rf  volt¬ 
age  drops  to  3  kV  (or  4  kV)  and  the  bunches  are  rotated  to 
minimum  height  with  a  second  harmonic  linearizing  volt¬ 
age.  Then  the  h=28  and  h=56  voltages  are  jumped  to  60 
kV  and  10  kV  respectively  for  a  quarter  period  rotation  to 
minimum  width.  The  bunches  are  captured  with  the  h=588 
buckets  of  700  kV  voltage. 

The  acceleration  and  rf  manipulation  are  first  simulated 
without  space  charge  and  beam  loading  for  a  single  bunch. 
Some  pictures  of  the  time  evolution  of  the  phase  space  dis¬ 
tribution  are  shown  in  Fig.  4.  The  overall  95%  emittance 


Figure  4:  Time  evolution  of  phase  space  distribution.  Top 
left:  Initial  distribution.  Top  right:  At  the  end  of  quarter 
synchrotron  rotation.  Bottom  left:  Accelerating  bunch  (53 
MHz).  Bottom  right:  Final  distribution. 

growth  is  4%  and  no  particles  are  lost. 

The  antiproton  bunch  intensity  is  about  a  factor  of  10 
smaller  than  typical  Main  Injector  operation.  However,  be¬ 
cause  of  the  unusually  long  ramp,  simulation  with  space 
charge  is  carried  out  to  check  emittance  dilution.  The  ef¬ 
fects  of  beam  space  charge  and  coupling  impedance  be¬ 
tween  the  beam  and  the  beam  pipe  are  simulated  with  the 
following  input  parameters: 

•  Assume  circular  beam  pipe  as  a  broadband  resonator 
(Q=l)  with  1.7  GHz  cutoff  frequency 

•  Ziiln  =  1.6  (MI  longitudinal  impedance  per  har¬ 
monic  [5, 6]) 

•  Single  bunch  intensity  =  6x10^°. 

(See  reference  [7]  for  the  theoretical  basis.)  Simulations 
are  also  carried  out  with  Z/^/n  =  3.2,  4.8,  6.4,  8  and 
24x10^®  (total  intensity  for  4  bunches).  The  longitudinal 
emittance  growth  verse  Zuin  is  shown  in  Fig.  5.  The  space 
charge  voltage  ranges  from  20  to  300  V  during  the  2.5  MHz 
acceleration  and  3  to  8  kV  during  the  53  MHz  acceleration. 


Zllfn  (Ohm) 

Figure  5:  Longitudinal  emittance  growth  vs.  Z(//n. 


Within  a  factor  of  three  of  Z^/n  =  1.6,  there  is  no  significant 
emittance  growth.  For  the  case  of  bunch  intensity  24x  10^° 
and  Z(//n  =  1.6,  the  emittance  growth  is  less  than  5%  and 
particle  loss  is  less  than  1%. 

For  the  simulation  with  beam  loading  of  the  2.5  MHz 
fundamental  mode,  four  bunches  and  a  single  cavity  are 
modelled  in  ESME.  The  quality  factor  and  the  shunt 
impedance  of  the  2.5  MHz  cavity  are  112.5  and  45000  Q, 
respectively.  To  simulate  the  total  beam  loading  voltage  of 
five  cavities,  the  shunt  impedance  is  increased  by  a  factor 
of  five. 

Simulations  show  that  beam  loading  causes  significant 
emittance  dilution  and  phase  shift  to  the  bunch  distribu¬ 
tion.  The  peak  beam  loading  voltage  for  the  entire  cycle 
and  an  instantaneous  beam  loading  voltage  are  shown  in 
Fig.  6.  The  maximum  beam  loading  voltage  during  the  cy- 

RR  1.5  eVs  bunch 
5.^*^ar*src 


Figure  6:  Top  plot:  Instantaneous  beam  loading  voltage  at 
a  particular  time  along  the  ring.  Bottom  plot:  Peak  beam 
loading  voltage  during  the  entire  cycle.  Ignore  voltage  after 
8.2  second  at  which  53  MHz  acceleration  takes  over. 


cle  is  about  1.9  kV.  Beam  loading  problem  is  most  severe 
at  the  beginning  of  the  rotation  at  27  GeV  where  the  beam 
loading  voltage  is  1 .4  kV  and  the  cavity  voltage  is  3  to  4  kV. 
The  bunches  are  shifted  from  their  bucket  centers  by  about 
45  to  50  degrees.  Large  emittance  growth  (over  a  factor 
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of  2)  and  significant  particle  loss  are  observed  after  the  53 
MHz  capture.  In  conclusion,  beam  loading  compensation 
is  needed  for  the  2.5  MHz  acceleration  scheme. 

3  EXPERIMENTAL  TEST  OF  2.5  MHZ 
ACCELERATION  IN  MI 

Preliminary  test  of  the  2.5  MHz  acceleration  scheme  is 
conducted  using  proton  beam  from  the  Fermilab  Booster. 
As  a  first  experiment,  the  Booster  beam  is  used  to  produce 
2.5  MHz  bunches  in  the  Main  Injector  and  the  bunches  are 
accelerated  from  8  GeV  to  27  GeV.  Since  the  2.5  MHz 
radial  and  phase  control  systems  are  currently  under  de¬ 
velopment,  the  experiment  is  carried  out  with  open  loop 
conditions-no  active  radial  feedback  and  phase  feedfor¬ 
ward  controls. 

Figure  7  represents  a  typical  data  sample  taken  during 
the  proton  acceleration.  Four  Booster  batches  are  injected 


Thw 


Figure  7:  Beam-MI  beam  intensity  in  units  of  El 2,  Vrf 
(2.5  MHz)-rf  voltage  on  2.5  MHz  rf  system  (kV),  momen¬ 
tum  (GeV),  Vrf  (53  MHz)-rf  voltage  on  53  MHz  rf  system 
(MV)  as  a  function  of  time  (sec). 

into  the  Main  Injector  in  succession  and  then  are  adiabat- 
ically  debunched  into  four  2.5  MHz  buckets.  Once  the 
beams  are  captured  in  2.5  MHz  buckets,  the  2.5  MHz  volt¬ 
age  is  adiabatically  raised  to  accelerate  the  beam.  In  the 
meantime,  the  53  MHz  voltage  is  paraphrased  below  10 
kV  to  minimize  the  53  MHz  component  of  the  beam.  There 
is  100%  transmission  up  to  transition  (around  5.2  second). 
After  transition,  about  12%  of  the  beam  is  lost.  Since  tran¬ 
sition  crossing  is  performed  manually  by  moving  (realign¬ 
ing)  the  2.5  MHz  buckets,  transition  loss  is  expected.  In 
normal  operation,  transition  phase  jump  will  be  controlled 
by  the  LLRF  phase  control  system. 

Figure  8  shows  a  sample  of  mountain  range  data  for  the 
early  part  of  the  cycle.  The  bunches  exhibit  oscillations  and 
beam  loss  which  are  presumably  due  to  the  lack  of  radial 
and  phase  controls.  These  effects  can  also  be  due  to  the 
fact  that  the  beam  loading  compensation  systems  are  not 
yet  effectively  applied  during  the  acceleration. 


Figure  8:  Mountain  range  bunch  data.  Four  Booster 
batches  of  7  bunches  each  are  adiabatically  debunched  into 
four  2.5  MHz  buckets.  The  2.5  MHz  bunches  are  subse¬ 
quently  accelerated  to  27  GeV. 

During  the  acceleration,  the  transverse  emittance  was 
measured  using  the  MI  flying  wires.  Data  shows  that  there 
are  no  emittance  growths  in  the  transverse  directions. 

In  summary,  we  have  demonstrated  2.5  MHz  acceler¬ 
ation  up  to  27  GeV  with  open  loop  operation  as  a  proof 
of  principle.  The  experimental  results  are  consistent  with 
our  longitudinal  beam  dynamics  simulations.  In  the  future, 
with  the  operation  of  the  radial  and  phase  control  systems, 
the  issues  of  longitudinal  emittance  growth,  beam  loss  and 
beam  loading  will  be  carefully  examined. 
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TEVATRON  BEAM-BEAM  SIMULATIONS  AT  INJECTION  ENERGY 
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Abstract 

Major  issues  at  Tevatron  injection  are  the  effects  of  72 
long-range  beam-beam  interactions  together  with  the  ma¬ 
chine  nonlinearity  on  protons  and  anti-protons.  We  look 
at  particle  tracking  calculations  of  Dynamic  Aperture(DA) 
under  present  machine  conditions.  Comparisons  of  cal¬ 
culations  with  observations  and  experiments  are  also  pre¬ 
sented  in  this  report. 

1  INTRODUCTION 

In  Run  Ila  the  Tevatron  is  operating  with  36  proton  and 
anti-proton  (;^bunches,  both  are  distributed  in  3  trains  of 
12  bunches  [1].  The  Tevatron  is  initially  filled  with  three 
trains  of  twelve  proton  bunches.  The  bunches  are  spaced  21 
rf  buckets  apart.  They  are  injected  onto  the  central  orbit  and 
subsequently  moved  to  a  helical  orbit  before  anti-protons 
are  injected.  The  anti-protons  are  injected  four  bunches  at 
a  time  into  the  abort  gaps  between  the  proton  bunches,  we 
call  this  stage  CogO.  After  the  leading  four  bunches  in  each 
train  is  injected,  the  anti-protons  are  cogged  by  84  rf  buck- 
ects  to  make  room  for  the  next  four  bunches  in  the  abort 
gap,  we  call  this  stage  Cogl.  The  leading  eight  bunches 
in  each  train  are  cogged  again  by  84  buckets  to  allow  the 
injection  of  the  last  four  bunches  in  each  train.  After  each 
train  is  full,  which  we  call  stage  Cog2,  the  two  beams  are 
accelerated  to  top  energy,  the  optic  keep  unchanged  dur¬ 
ing  the  ramp.  The  main  beam  parameters  of  the  machine 
conditions  at  injection  are  listed  in  Table  1 


moved  from  the  central  orbit  to  the  helical  orbit.  Fig.  1 
shows  the  DAs(Dynamic  Aperture,in  unit  of  beam  size  cr) 
of  coalesced  and  uncoalesced  protons  on  center  orbit  and 
on  proton  helix  orbit.  Particles  are  tracked  for  100,000 
turns  (2  seconds  in  the  Tevatron).  Chromaticity  and  feed- 
down  sextupoles  and  measured  field  errors  of  all  the  mag¬ 
nets  in  the  ring  were  included  in  this  calculation.  It  is  ev¬ 
ident  that  the  nonlinearities  have  a  major  impact  since  the 
DA  of  uncoalesced  protons(dp/p<l.E-4)  on  central  orbit 
and  on  helix  is  larger  than  6cr,  while  the  DA  of  coalesced 
beam  is  about  8cr  on  central  orbit  and  about  5cr  on  the  he¬ 
lix.  The  physical  aperture  is  (4  -  6  a),  limited  at  CO.  In 
a  typical  store,  we  observed  proton  lifetime  on  the  central 
orbit  is  4-6  hrs,  but  1.5-2  hrs  on  the  helix. 


D 


Dynamic  Apotnrc  of  Protons  at  150  GcV 


Momentum  deviadon  dp/p(E-4) 


Figure  1:  Dynamic  aperture  of  protons. 


Table  1:  Beam  parameters  at  injection  energy 


Parameter 

present 

(p^) 

Design 

(p^) 

Bunch 

intensity  (Ell) 

2.2/0.13 

2.7/0.3 

Emittance  (95  %) 
(;rmm-mrad) 

25/20 

20/15 

Momentum  spread 
(r.m.s.,(7p) 

7.x  10-*/ 
4.5x10-* 

4.3x10-*/ 

4.3x10-* 

Chromaticities 

(8,8) 

(8,8) 

working  point 

(0.583,0.575) 

(0.585,0.575) 

2  DYNAMIC  APERTURE  OF  PROTONS 

One  of  the  key  observations  at  injection  is  that  the 
lifetime  of  the  protons  drops  substantially  when  they  are 
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3  BEAM-BEAM  EFFECTS  ON 
ANTIPROTONS 

Each  anti-proton  bunch  experiences  72  long-range  inter¬ 
actions  during  injection(after  2nd  cogging).  Totally  there 
are  138  interaction  points  in  the  ring.  Fig.  2  shows  the  sep¬ 
arations  of  all  138  interaction  points  in  the  ring  after  2nd 
cogging.  The  separation  follows  dispersion  pattern  since 
currently  the  momentum  spread  of  the  beam  is  large.  The 
minimum  separation  is  about  30".  Beam-beam  effects  are 
different  for  each  anti-proton  bunch  in  a  train  and  at  differ¬ 
ent  cogging  stages  since  the  sequence  of  long-range  inter¬ 
actions  is  different  for  each  of  them. 

The  left  column  of  Fig.  3  shows  the  tune  footprints 
of  anti-proton  bunch  1  with  only  beam-beam  effects.  Folds 
can  be  identified  in  these  figures,  at  the  folds  resonance 
widths  are  large.  When  tune  shift  crosses  zero,  the  beam- 
beam  force  has  a  maximum. 

Long  rang  beam-beam  force  in  the  Tevatron  creates 
an  additional  amplitude  dependent  chromaticities  [2],  the 
source  of  this  chromaticity  is  the  horizontal  and  ver¬ 
tical  dispersion  at  the  parasitic  collisions  which  makes 
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Only  Beam-beam  Beam-beam  and  field  errors 

Figure  3:  Footprint  of  P  bunch  1  at  three  cogging  stages. 


0  1000  2000  3000  4000  5000  6000 


Distance  ftom  60  •  antiproton  direction  (m] 


Figure  2:  Radical  beam  separations  at  138  interaction 
points  in  the  ring. 


additional  chromaticities  will  enhance  the  synchro-betatron 
resonances,  bunch  to  bunch  difference  can  be  indentified 
too. 


0  2  4  6  8  10  12 

Bunch  Number 


the  beam  separation  depend  on  the  momentm  deviation  Figure  4:  small  amplitude  beam-beam  chromaticities  at  in- 
5p/p.Chromaticies  due  to  beam-beam  force  can  be  calcu-  jection. 
lated  analytical  for  small  amplitude  particles.  Fig.  4  gives 

the  chromaticities  of  12  anti-proton  bunches  in  a  train.  This  Beam-beam  force  also  introduces  additional  coupling  on 
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anti-protons.Coupling  due  to  Beam-beam  force  can  be  cal¬ 
culated  analyticaly.  Like  the  tunes  and  the  chromatici- 
ties,  the  strength  of  the  coupling  is  an  amplitude  dependent 
quantity.  Fig.  5  shows  small  amplitude  beam-beam  cou¬ 
pling  for  12  anti-proton  bunches  in  a  train.  Bunch  to  bunch 
diference  in  coupling  can  be  indentified. 


Injection  Energy;  present  parameters 


Btmch  Number 

Figure  5:  small  amplitude  beam-beam  coupling  at  injec¬ 
tion. 


4  DYNAMIC  APERTURE  OF 
ANTI-PROTONS 


Figure  6:  DA  of  p  vs.  proton  intensities  at  Cog2, 10^  turns 


Anti-proton  E)ynamic  Aperture  at  150  GeV 


Data  from  10  stores:  2375....  2426  • 
Average  proton  intensity  =  219xl0’-j 


Figure  7:  Measure  Dynamic  apeture  at  injection 


Anti-proton’s  helical  orbit  is  almost  symmetric  to  the 
proton  helical  orbit.  In  addition  to  beam-beam  effects  from 
the  protons,  anti-protons  are  also  subject  to  the  machine 
nonlinearities.  The  right  column  of  Fig.  3  gives  the  foot¬ 
prints  of  anti-protons  at  three  cogging  stages  wiht  beam- 
beam  effects  and  field  errors.  The  pink  rectangular  box  in 
each  plot  indicates  the  range  of  the  tune  shift  due  to  only 
beam-beam.  Tune  shifts  of  the  particles  due  to  field  errors 
are  much  larger  than  those  due  to  only  beam-beam,  foot¬ 
prints  are  dominated  by  field  error.The  footprints  in  three 
stages  look  similar. 

The  calculations  of  DA  by  tracking  were  done  for  anti¬ 
protons.  It  was  found  the  average  DAs  are  about  4  cr,  and 
the  same  at  three  cogging  stages.  Fig.  6  gives  DAs  of  p 
in  function  of  proton  intensities  at  stage  Cog2.  It  was  also 
found  that  the  DAs  of  p  are  about  2  a  less  than  those  of 
protons  due  to  beam-beam  effects.  The  difference  between 
the  bunches  can  be  indentified.  DAs  of  the  first  and  the 
last  bunch  in  a  train(^  and  p\l)  is  better  than  those  of  the 
bunches  in  the  middle  of  the  train  (p  6  as  a  representative). 

DA  tracking  at  injection  has  received  experimental  con¬ 
firmation.  We  extracted  stores  (10)  with  low  anti-proton 
emittance  lifetimes  for  the  first  4  bunches  (10  FW  mea¬ 
surements  in  each  store).  From  the  asymptotic  emittance, 
we  calculated  the  DA.  Fig.  7  shows  the  average  DA  from 
these  stores  for  the  4  bunches.  For  one  of  the  stores,  we 
calculated  the  intensity  reduction  from  assuming  that  the 
bunch  occupies  the  final  3D  DA.  That  agrees  nicely  with 
the  observed  intensity  loss  for  all  the  4  bunches. 


5  CONCLUSION 

At  injection  for  uncoalesced  beam,  the  DA  of  protons  on 
the  central  orbit  and  proton  helix  is  much  larger  than  phys¬ 
ical  aperture  at  CO.  For  coalesced  beam,  the  DA  of  protons 
on  the  helix  is  baout  6(T(ejc=%=  25;rmm-mrad).  Decreas¬ 
ing  proton  bunch  length  to  design  value(momentum  devi¬ 
ation  wil  reduced  from  7.e-4  to  4.3e-4)  would  increase  the 
lifetime  significantly. 

The  average  DA  of  anti-protons  at  injection  is  about  4cr, 
and  the  minimum  DA  is  about  3cr,  this  value  is  the  same  at 
all  3  Cogging  stages. 

Anti-Proton  lifetime  at  injection  needs  significantly  im- 
privement.  It  requires 

•  Change  in  the  helicalseparations 

•  beter  control  of  machine  nonlinearities(aligment) 

•  better  working  point 

•  smaller  anti-proton  emittamce 

•  bema-beamcompensation(under  study) 

•  understanding  of  how  lifetime  scales  with  proton  in¬ 
tensity 
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SIMULATIONS  OF  OCTUPOLE  COMPENSATION  OF  HEAD-TAIL 
INSTABILITY  AT  THE  TEVATRON 

M.  Xiao*"^  and  T.  Sen,  FNAL,  Batavia,  IL  60510,  USA 
F.  Schmidt,  CERN,  Geneva,  Switzerland 

Abstract  Octupoles  Number  <  j8;c  >>  <  Dx  >, 

_ <j^>[m]  <Dy>[m] 

The  proton  lifetime  in  the  Tevatron  depends  sensitively  TOZD  24  93.6,30.2  3.67,-0.02 

on  chromaticities.  Too  low  chromaticities  can  make  the  TOZF  12  30.5,92.5  2.07,-0.01 

beam  unstable  due  to  the  weak  head-tail  instability.  One 
way  to  compensate  this  effect  is  to  introduce  octupoles  to 

create  a  larger  amplitude  dependent  betatron  tune  spread.  Table  1 :  Octupoles  in  the  Tevatron  used  in  this  simulati 
However,  the  use  of  octupoles  will  also  introduce  addi¬ 
tional  side  effects  such  as  second  order  chromaticity,  dif-  2  THE  AMPLITUDE-DEPENDENT  TUP 
ferential  tune  shifts  and  chromaticities  on  both  proton  and  CWTFT  niTir  T-n  nr'TTTiJrkT 

anti-proton  helices.  The  non-linear  effects  may  also  reduce  i  uvt. 

the  dynamic  aperture.  We  report  on  a  simulation  study  to  The  field  due  to  an  octupole  in  terms  of  the  multipi 

find  the  best  combinations  of  polarities  and  strengths  of  the  components  (^3 ,  ^3 )  is 

octupoles. 


INTRODUCTION 


Table  1 :  Octupoles  in  the  Tevatron  used  in  this  simulation 

2  THE  AMPLITUDE-DEPEIVDEPSTT  TUNE 
SHIFT  DUE  TO  OCTUPOLES 

The  field  due  to  an  octupole  in  terms  of  the  multipole 
components  is 

By  +  iB^  =  ^<>(^  +  '^3)  j 

^ref 

The  octupole  strength  parameter  ^3  is  defined  as 


In  the  Tevatron  at  injection  energy,  the  transverse  weak 
head-tail  phenomenon  drives  proton  beam  unstable  if  it  is 
not  damped.  Before  the  transverse  dampers  were  commis¬ 
sioned,  the  damping  was  done  by  setting  the  chromaticities 
to  relatively  high  values  of  8  units  in  both  planes.  On  the 
other  hand,  the  beam  lifetime  at  injection  energy  depends 
sensitively  on  chromaticity.  In  principle,  a  lower  chro¬ 
maticity  would  help  to  decrease  the  growth  of  higher  order 
modes  of  instability,  and  improve  the  DA(Dynamic  Aper¬ 
ture),  and  consequently  the  beam  lifetime.  However,  too 
low  chromaticities  can  make  the  beam  unstable  [2].  Cur¬ 
rently,  the  Tevatron  is  running  with  tranverse  and  logitu- 
dinal  dampers.  Better  beam  lifetime  is  observed  when  the 
chromaticity  decreased  from  8  units  to  2  units.  Another 
way  to  compensate  the  instability  of  the  protons  is  to  intro¬ 
duce  octupoles  to  create  larger  amplitude  dependent  beta¬ 
tron  tune  spread.  If  the  shifted  coherent  tunes  due  to  wake 
fields  is  within  the  width  of  the  incoherent  betatron  tune 
spread  or  spread  in  synchrotron  tunes,  all  unstable  higher 
order  modes  can  be  damped  by  Landau  damping. 

Table  1  lists  the  number  and  the  average  beta  function 
and  the  dispersion  of  two  octupole  families  we  used  for  the 
simulations.  The  use  of  octupoles  will  also  introduce  addi¬ 
tional  side  effects  on  both  proton  and  anti-protons.  These 
effects  are  second  order  chromaticity,  addtional  coupling 
and  non-linearty.  Octupoles  will  also  produce  differential 
tune  shift  and  linear  chromaticities  on  both  proton  and  pbar 
helices.The  purpose  of  this  simulation  is  to  find  the  best 
combinations  of  polarities  and  strengths  of  the  octupoles. 

*  meiqin@fnal.gov 

^  Work  supported  by  the  U.S. Department  of  Energy  under  contract 
NO.DE-AC02-76CH03000. 


Introducing  the  action  angle  coordinates  x  = 
y/ip^cosipx,  y  —  y/2pyJyCos<j>y  and  assuming  the  phase 
and  the  beta  functions  are  nearly  constant  over  the  length 
of  a  single  octupole,  we  can  find  the  action-dependent  tune 
shift  as  follows  [1] 


AVx  —  Cl-^Jx~\~  0.2Jy 

A  Vy  —  “1“  (3) 


where 


“3  = 


Jx,y  is  the  action, and  related  to  the  amplitude  by  Jx,y  = 

•  £nx,y,  and  ax^y  is  the  amplitidue  im  units  of  beam  size 
£nx,y  is  the  normalized  emittance  ( 1  cT)in  jc  or  y  plane. 

Let  k^{F)  be  TOZF’s  strength,  k^iD)  be  TOZD’s 
strength.  At  Tevatron  injection,  the  action-dependent  tune- 
shifts  due  to  octupoles  are  obtained  as  follows: 


AV;,  =  2091.5251  ([/t3(F)-h0.2124it3(D)]/^ 

-0.6444[it3(F)  -\-l.996lk2{D)]Jy)  (4) 

AVy  =  1349.6594(-[k3(F)-f- 1.996^3(0)]/, 

+3.0269(0.0533)^3  (F)  +  {D)]Jy)  (5) 


0-7803-7738-9/03/$17,00  ©  2003  IEEE 
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At  present  machine  conditions,  the  proton  emittance  is 
257rmm-  mrad(95%).  For  the  particle  with  initial  amp> 
plidute  of  5cr,  we  can  get  the  expression  for  the  octupole’s 
strengths  which  are  needed  to  compensate  the  decrease  of 
tune  spread  due  to  lowering  the  chromaticities  as  follows: 

k^{F)  =  -4.5726  X  10^[0.6194  x  Av^+ Av^]  (6) 

^3  (D)  =  -2.3044  X  10^[Av^  +  0.6570  x  AVy]  (7) 

3  QUANTITIVE  CALCULATION  FOR 
THE  OCTUPOLE  STRENGTH 

All  unstable  higher  order  modes  of  the  weak  head-tail 
effect  can  be  damped  if  the  spread  of  betatron  frequency 
which  has  the  incoherent  tune  shift  included, or  the  spread 
of  synchrotron  frequency  are  larger  than  the  coherent  tune 
shift  due  to  the  impedance  [2]. 

The  growth  rate  of  head  tail  modes  measured  at  150  GeV 
is  about  1 1 0/5^c,  and  the  coherent  tune  shift  is  1 .  x 

10“^  [3].  On  the  other  hand,  the  synchrotron  tune  spread 
at  150  GeV  is  calculated  to  be  Av5=  2.2  x  10”"^.  The  inco¬ 
herent  linear  tune  shifts  in  both  x  and  y  planes  due  to  the 
space  charge  for  the  particle  near  the  center  of  the  proton 
bunch  with  3-D  Gaussian  density  distribution  are  also  cal¬ 
culated,  and  they  are  (AVjc)^^  =  -0.36  x  10“^,  (AVv).^  = 
-0.70  X  10“^ 

Therefore,  in  order  for  the  landau  damping  to  work,  the 
betatron  tune  spread  should  be 

=  [^^coh  ~  i^^x)sc  ~  ^Vs] 

=  -0.42  X  10“^  (8) 

(Av^)p  =  [Av^„^-(Av^)5C-Av,] 

=  -0.08  X  10“^  (9) 

Then,  the  octupole  strengths  calculated  from  Eq.  7  for 
TOZF  and  TOZD  are 

*3(F)  =  1.55,  *3(D)  =  1.09  (10) 

At  tevatron  injection, 

^3  =  K^L  =  1.2267506/m^/Amps  x  I  (11) 
I  is  the  magnet  currents  of  octupoles. 


0  1  2  4  678  10  12  14 


Momentum  deviation  dp/p(E-4) 

Dynamic  Apcrtnie  of  Pbars  with  Beam-beam  at  150  GeV(aftcr  second  cogging) 


Momentum  deviation  dp/p{E-4) 


Figure  1:  DA  of  protons  and  anti-protons  vs.  momentun 
deviations  at  different  chromaticities 


Using  the  code  SIXTRACK  we  have  also  calculated 
the  chaotic  border  which  separates  regular  librator  mo¬ 
tion  from  fast  amplitude  growth.  Table  2  lists  DAs  and 
chaotic  borders  at  different  chromaticities,  calculated  using 
code  SIXTRACK.  The  momentum  deviation  in  this  calcu¬ 
lation  is  dp/p=4.3e-4.  Small  chromaticities  help  to  improve 
long  term  dynamic  aperture  since  chromaticity  sextupole 
strength  are  reduced,  and  synchro-betatron  resonances  are 
weaker. 


Table  2:  Dynamic  aperture  and  chaotic  border  of 
protons(p)  and  anti-protons  (p)  at  injection 


Chromaticities 

(8,8) 

(2,8) 

(2,2) 

(0,0) 

P 

Chaotic  border(cr) 

4.8 

5.0 

5.2 

5.4 

DA  (G) 

6.4 

6.9 

6.8 

6.9 

P 

Chaotic  border(a) 

2.9 

4.5 

4.6 

4.7 

DA(ct) 

5.1 

5.4 

5.4 

5.3 

4  DYNAMIC  APERTURE  TRACKING 
WITH  AND  WITHOUT  OCTUPOLES 

Before  the  octupoles  were  introduced  into  the  lattice,  we 
calculated  the  dynanndc  aperture  at  different  chromaticities. 
Fig.  1  shows  DAs  of  protons  and  pbars  in  function  of  mo¬ 
mentum  deviation  at  different  chromaticities.  The  particles 
were  tracked  100,000  turns  by  code  MAD.  We  can  see  that 
the  DAs  of  pbars  at  chromaticity  of  2  units  are  0.5(T  larger 
than  those  of  8  units,  although  the  DAs  of  protons  seems 
not  much  improved. 


In  the  machine,  when  we  reduce  the  both  or  one  plane 
chromaticities  from  8  units  to  2  units,  pbar  lifetime  was 
observed  significately  increased(from  2hrs  to  12hrs),  while 
proton  lifetime  of  protons  increased  not  so  much.  This  may 
be  because  the  proton  beam  is  tickled  by  the  damper  kicker. 

We  used  octupole  strength  |^3(F)|=2,  \k^{D)\=l  with 
different  combinations  of  polarities  to  test  their  impact  on 
the  Dynamic  Aperture.  These  values  are  closed  to  the  es¬ 
timated  values  in  Eq.  10.  The  results  are  listed  in  Table  3. 
From  Table  3  we  can  see  that  if  TOZF  is  positive,  the  dy¬ 
namic  aperture  and  chaotic  border  are  larger  than  the  other 
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chromaticities 

li 

to 

II 

II 

]0 

II 

octupole  strength 

(^3(F),*3(D))(/n-2) 

(+2,+l) 

(+2,-1) 

(-2,+l) 

(-2,-1) 

(0,0) 

(0,0) 

-15.38 

-8.15 

-4.29 

10.60 

-23.21 

-4.29 

6.34 

-5.04 

-4.05 

-14.91 

2.82 

-5.29 

dVv 

(10-5) 

5.00 

-0.03 

-5.29 

-12.36 

6.69 

-4.05 

Average  DA  (cr) 

7.0 

7.1 

6.2 

6.8 

6.4 

minimum  DA  (o’) 

6.2 

6.3 

5.9 

5.4 

6.3 

6.0 

Chaotic  border  (0) 

5.8 

5.5 

4.5 

4.4 

5.2 

4,7 

Table  3:  Dynamic  Aperture  and  chotic  boder  with/without  octupoles 


combinatons.  We  also  analyzied  the  coefficents  ay^a2^a^  in 
Eq.  5  for  each  combination.  We  expect  that  a  j  and  must 
be  much  larger  than  ^2*  so  that  the  tune  spread  will  be  less 
dependent  on  the  coupling  term.  On  the  other  hand,  a  j  and 
^3  increase  with  octupole  strength.  It  was  found  that  both 
flj  and  ^3  are  increasing  but  ^2  is  decreasing  if  TOZD  is 
also  positive.  This  implies  that  the  tune  spread  will  be  in¬ 
creased  for  larger  amplitude  particles,  while  the  coupling 
effects  will  be  lower. 

With  k2^{F)-2,  ^3(0):=!,  and  chromaticity  set  at 
(§f=^^=2),  we  calculated  the  dynamic  aperture  and  chaotic 
border  of  the  anti-protons.  It  was  found  that  the  average 
DA  is  5.6cr,  the  chaotic  border  is  5.1  o’. 

The  machine  study  of  octupoles  at  the  Tevatron  injec¬ 
tion  energy  has  been  done  by  P.  Ivanov  in  Tevatron  de¬ 
partment.  A  single  coalesced  proton  bunch  with  relative 
higher  intensity  was  injected  onto  the  central  orbit,  and 
then  two  octupole  families  TOZF  and  TOZD  were  intro¬ 
duced  to  suppress  the  tranverse  coherent  instability  while 
reducing  the  chromaticities  in  both  x  and  y  planes.  Dif¬ 
ferent  combinations  of  polarities  of  two  octupole  families 
have  been  tested,  and  it  was  found  positive  polarity  for  both 
families  are  the  best,  which  confirmed  our  calculations  by 
simulation.  So  far,  high  intensity  proton  beams(Arp“280- 
300e9  per  bunch)  have  been  successfully  injected  onto  the 
central  orbit  with  small(zero)  chromaticity  setting  and  oc¬ 
tupole  settings  ^3(F)=1.6,  ^3(D)=4.1.  Nevertheless,  beam 
loss  occured  while  going  from  injection  bump  to  the  pro¬ 
ton  helix  -  probably  because  of  significant  tune  changes 
and  strong  coupling  due  to  orbit  motion.  Further  study  in 
the  machine  is  in  progress. 

5  CONCLUSION 

The  optimized  combination  is  found  by  Dynamic  Aper¬ 
ture  tracking  that  both  octupole  families  need  to  be  poso- 
tive,  it  was  confirmed  by  machine  studies  at  the  Tevatron. 

Stronger  octupole  streangths  have  been  tried  and  it’s 
found  that  they  are  not  better  for  the  compensation.  Be¬ 
sides,  the  tune  shifts  feeddown  from  octupoles  on  the  he¬ 
lices  are  larger,  and  it  is  more  difficult  to  make  feeddown 


sextupoles  work. 
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Abstract 

Besides  the  Tevatron  Electron  Lens  (TEL)  runs  as  a 
R&D  project  for  Tevatron  Beam-Beam  Compensation  [1], 
it  is  used  daily  as  a  Beam  Abort  Gap  Cleaner  for  collider 
operations.  It  can  also  serve  as  beam  exciter  for  beam 
dynamics  measurements  and  as  a  slow  proton  or 
antiproton  bunch  remover.  This  report  describes  all  these 
applications  and  related  observations. 

TEL  AS  DC  BEAM  CLEANER 

DC  Beam  and  Abort  Gap  Loss 

Currently  in  the  Tevatron,  the  protons  are  injected  with 
a  large  longitudinal  emittance,  filling  the  RF  bucket.  And 
some  of  the  DC  beam  coming  from  the  Main  Injector 
Coalescing  Process  is  also  injected.  In  addition,  the 
protons  slowly  leak  out  of  the  buckets  and  migrate  into 
the  abort  gap  due  to  noise  sources,  which  are  not  well 
understood  [4].  The  DC  beam  component  usually  reaches 
a  level  of  about  200x10^  during  injection.  These 
uncaptured  protons  are  lost  at  the  beginning  of  the  ramp. 
At  the  end  of  a  High  Energy  Physics  (HEP)  store,  the  DC 
beam  amounts  to  6x10^  protons  and  antiprotons,  which  is 
enough  to  cause  a  quench  in  the  Tevatron.  When  these 
numbers  of  protons  are  lost  suddenly,  their  loss  is 
evidenced  by  spikes  in  the  CDF  detector,  which  prevent 
the  CDF  from  working  properly.  The  detector  may  even 
be  damaged.  The  Tevatron  itself  also  quenches 
occasionally,  if  there  are  high  losses  at  abort  or  on  the 
ramp,  due  to  the  DC  beam. 


Figure  1:  Beam  intensity  and  loss  during  HEP  store. 

Figure  1  shows  such  a  typical  case  for  High  Energy 
Physics  Store.  In  this  figure,  the  TrIBEAM  is  the  total 
beam  current  in  the  Tevatron,  C:FBIPNG  is  the  total 
bunch  current,  the  T:LlCOLI  is  the  average  current  of  the 


electron  beam  and  C:B0RATI  is  the  abort  gap  loss 
counter  from  the  CDF  detector.  When  the  TEL  was  shut 
off  (red  trace),  the  abort  gap  loss  started  to  grow  after 
about  lOmin  and  the  high  spikes  appeared. 

DC  Beam  Cleaning 

To  clean  out  of  the  DC  beam  in  the  abort  gap,  the 
dipole  beam-beam  kick  is  used  to  excite  the  multipole 
resonance  of  particle  oscillation  to  increase  its  oscillation 
amplitude,  until  the  particles  get  lost  at  a  limited  aperture. 
Therefore,  when  the  TEL  was  turned  on,  a  significant 
amount  of  DC  beam  was  lost,  which  is  seen  on  TrIEBAM 
(green  curve),  while  the  bunched-beam  lifetime  T: 
FBIPNG  did  not  change.  A  huge  spike  on  the  abort  gap 
loss  signal  indicates  that  the  DC  beam  in  the  abort  gap 
was  cleaned  out  by  the  TEL.  Later  the  loss  in  the  abort 
gap  was  stabilized  without  any  loss  spikes.  By  introducing 
the  TEL  for  DC  beam  cleaning,  we  accelerate  the  loss  of 
the  DC  beam  and  also  distribute  these  losses  over  the 
warm  section,  which  eliminates  the  big  spikes  in  the 
detector,  so  that  it  is  able  to  work  properly,  and  we  also 
reduce  the  quench  likelihood  during  beam  ramping  and 
beam  abort.  Moreover,  the  slightly  higher  smooth  baseline 
loss  rate  does  not  have  any  harmful  effect.  In  DC  beam 
cleaning  operation,  the  electron  beam  of  the  TEL  is  placed 
about  2.5mm  beside  the  proton  beam  orbit  horizontally 
and  1.5mm  below,  as  is  shown  in  Figure  2. 


(b>  Theflry  of  the  DC  beam  cleaning 


Figure  2:  DC  beam  cleaning:  (a)  Beam  postions  (b) 
Physical  mechanism  of  cleaning. 

In  Tevatron  operation,  we  found  that  the  most  effective 
beam  removal  by  TEL  is  to  apply  the  electron  beam  kick 
of  the  TEL  in  every  1^^  turn  or  3”^  turn,  which  excites  the 
4/7*  order  or  2/3"*  order  resonance  respectively.  Figure  3 
(below)  shows  a  1-tum  snapshot  taken  when  the  TEL  was 
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operated  in  Abort  Gap  Cleaning  State  with  3  electron 
pulses  pulsed  in  all  3  abort  gaps  on  every  7*^  turn.  The 
blue  trace  is  the  electron  gun  cathode  current.  The  pulse 
width  is  about  Ips  and  the  peak  amplitude  is  about 
400mA.  The  green  trace  is  the  intensity  signal  of  the  TEL 
BPM,  where  the  big  upright  spikes  are  the  proton  bunch 
signals  (the  proton  pulse  length  is  only  20ns).  The 
downward  pulses  are  electron  pulses  timed  in  the  abort 
gap.  The  intensity  of  the  antiproton  bunches  was  10  times 
less  than  that  of  the  proton  bunches.  So  they  are  the  barely 
seen  small  downward  spikes  in  between  the  proton 
bunches.  The  TEL  excites  the  7*^  resonance  of  the  protons 
in  the  abort  gap  and  drives  them  out  quickly. 


Figure  3:  TEL  for  DC  beam  cleaning  at  3-pulse  every  7th 
turn. 

Mechanism  of  DC  Beam  Cleaning 

For  normal  Tevatron  operation,  the  fractional  part  of  the 
tune  was  chosen  as  0.583  horizontally  and  0.575 
vertically.  The  most  harmful  resonance  lines  for  the 
Tevatron  are  4/7*=0.5714  and  2/3'^=0.667.  When  the 
particles  in  the  DC  beam  lose  energy  by  synchrotron 
radiation,  their  transverse  oscillation  amplitudes  also 
increase,  their  tunes  change,  and,  finally,  they  fall  into  the 
resonance  band,  where  their  oscillation  amplitudes  get 
larger  and  larger,  until  the  particles  hit  the  aperture  and 
are  lost.  Usually  it  takes  about  40  min  for  them  to  get  lost 
with  collimators  open,  while  with  the  collimators  closed 
at  the  beam  and  aperture  restricted,  it  takes  about  15  min. 
However,  with  TCL  excitation,  this  process  takes  only 
about  20sec.  When  the  TEL  is  on,  the  tune  of  the  DC 
beam  particles  is  roughly  described  by: 

V  =  Vo+Cy^  +  ^V{x^)  +  ^VJEL  (1) 

where  Vo  and  V  are  the  tune  of  the  on-momentum  particles 
and  DC-beam  particles  respectively;  and  AVtel  the  DC- 
beam  particle  tune  change  due  to  the  electron  beam.  The 

tune  also  varies  with  the  beam  orbit[5],  and  Av(a:^)  is 
the  tune  changes  due  to  the  particle  orbit  x\  Cv  is  the 
vertical  chromaticity  and  the  dispersion  function  at  the 
TEL  location  which  indicates  the  tune  variation  with 
particle  momentum. 


The  DC  beam  cleaning  mechanism  is  also  shown  in 
Figure  2(b).  As  the  electron  beam  kicks  the  DC  beam 
particles,  their  betatron  oscillation  amplitudes  increase. 
The  tune  changes  linearly  with  the  particle  position  due  to 
the  chromaticity  and  quadratically  due  to  high  order  field 
errors  of  the  Tevatron.  When  the  tune  falls  into  the  4/7* 
resonance,  their  oscillation  amplitudes  increase  very  fast 
until  they  hit  the  aperture  and  get  lost.  The  equivalent 
aperture  is  the  smallest  aperture  restricted  by  the 
collimation  system  transferred  to  the  TEL  location,  which 
is  about  3  mm  from  the  helical  beam  orbit.  Figure  4 
shows  the  simulation  results  of  the  maximum  particle 
oscillation  amplitude  for  the  linear  lattice.  The  maximum 
amplitude  is  determined  from  the  nonlinear  force  of  the 
electron  beam.  Normally  about  1/3  of  the  DC  beam  is 
cleaned  out  of  the  abort  gap,  since  the  electron  beam 
roughly  occupies  1/3  of  the  beam  abort  gap. 
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Figure  4:  The  oscillation  amplitude  of  the  particles  near 
the  4/7th  resonance  line 

AS  BEAM  TICKLER 

The  electron  beam  of  the  TEL  can  also  be  used  as  a 
beam  ‘tickler’  for  beam-dynamics  measurements.  To  do 
so,  we  only  need  to  modulate  the  electron  beam  current  or 
position  to  produce  the  desired  dipole  kicks,  and  measure 
the  beam  response.  Figure  5  (below)  shows  the  method  by 
which  we  modulated  the  electron  current  using  white 
noise.  The  TEL  was  timed  to  specific  pbar  bunches  to 
measure  their  tunes  and  emittance  growth  versus  the  noise 
strength. 


Figure  5:  The  scheme  of  TEL  electron-current 
modulation. 
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Figure  6  shows  the  waveform  of  electron  current 
modulated  by  the  white  noise.  The  modulation  depth  was 
70%.  This  modulation  was  used  to  excite  individual 
antiproton  bunches  for  measuring  bunch-to-bunch  tunes. 


Figure  6:  The  waveform  of  the  white  noise  modulated 
electron  current. 

The  emittance  growth  due  to  the  noise  modulated 
electron  beam  kick  was  also  observed  [1].  It  exhibits  a 
quadratic  dependence,  which  agrees  with  the  theoretical 
prediction. 

Pbar  Tune  Measurement 

During  the  High  Energy  Physics  store  of  Tevatron 
operation,  normally  the  proton  intensity  is  over  ten  times 
larger  than  the  pbar  intensity.  The  Schottky  signal,  which 
we  are  using  now  for  tune  measurement,  is  dominated  by 
the  proton  signal.  In  order  to  detect  the  tune  of  the 
individual  pbar  bunches,  we  have  to  tickle  the  pbar  beam. 
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Figure  8:  Tune  signal  with  TEL  excitation 


AS  BEAM  REMOVER 

The  TEL  acted  as  a  controllable  proton  beam  remover 
as  shown  in  Figure  9.  We  can  remove  unwanted  proton 
bunches  one  by  one  in  a  controlled  way  so  that  the  loss  in 
the  Tevatron  is  kept  below  the  dangerous  level.  During 
this  operation,  the  electron  beam  is  operated  every  3^^  or 
7  turn  to  optimize  the  proton  shaving  speed. 


Figure  9:  Tevatron  display  of  bunch  intensities  during 
the  removal  of  18  proton  bunches  by  the  TEL. 
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Figure  7:  Tune  signal  from  Schottky  spectrum  detector. 

Figure  7  shows  the  Schottky  spectrum  of  the  beam 
without  the  TEL.  It  mainly  shows  the  coalesced  proton 
tune  signal,  which  is  about  0.575  in  vertical  and  0.59  in 
horizontal.  By  contrast,  in  Figure  8  the  antiproton  beam  is 
excited  by  the  TEL  and  we  can  infer  the  antiproton  signal 
from  the  split  peaks.  For  this  measurement,  we  have 
controlled  the  modulation  strength  carefully  in  order  not 
to  blow  up  the  pbar  emittance  too  fast. 
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Abstract  electron  beam  and  a  measured  perveance  of  about  5.8  fiP, 


This  paper  will  describe  the  main  upgrades  of  the 
Tevatron  Electron  Lens  (TEL)  during  the  year  2003.  The 
bending  angle  of  the  electron  beam  entrance  and  exit  to 
the  main  solenoid  will  be  decreased  from  90  degrees  to  53 
degrees  and  three  more  solenoids  will  be  added  to  each  of 
the  two  bends,  which  will  allow  us  to  control  the  electron 
beam  size  more  freely.  A  new  gim  will  also  be  installed 
which  will  give  us  a  Gaussian  transverse  beam 
distribution  in  addition  to  the  flat  beam  with  much 
smoother  edge  to  minimize  the  nonlinear  effect  of  the 
beam-beam  force.  In  addition,  a  new  BPM  system  will  be 
installed  to  let  us  have  more  precise  beam  position 
measurements  for  proton,  antiproton  and  electron  beams. 
A  knife-edge  beam  profile  measurement  system  will 
replace  the  space-consuming  scanning  wires.  We  expect 
that  these  upgrages  will  improve  the  ability  to  increase  the 
lifetime  of  the  (anti)proton  beam  during  beam-beam 
compensation  operation.  [1] 

ELECTRON  GUN  UPGRADE 

The  structure  of  the  old  electron  gun  is  shown  below.  It 
has  a  cathode,  an  anode,  and  an  additional  control 
electrode  to  change  the  transverse  electron  beam 


Figure  1 :  Electron  gun  structure 

distribution.  It  was  designed  to  provide  several  amps  of 
beam  current  with  a  rectangularly  uniform  distribution  of 


mm 


Figure  2:  The  measured  electron  distribution  (left) 
and  the  designing  of  (right)  for  the  old  gun 


The  measured  value  is  6.0.  The  perveance  of  an  electron 
gun  relates  the  beam  current  to  the  applied  anode  voltage, 
and  is  defined  as  the  following: 

3 

I{A)  =  PV^ 

Where  the  I  is  the  electron  beam  current  and  the  V  is  the 
voltage  between  the  anode  and  the  cathode  of  the  electron 
gun.  The  P  is  the  perveance,  typically  in  units  of  micro- 
perveance  QiP). 

Figure  2  shows  the  wire  scan  of  the  beam  transverse 
distribution,  which  is  the  magenta  curve.  The  blue  curve 
is  the  reconstructed  beam  transverse  profile.  Inaccuracies 
in  the  measurements  are  the  likely  cause  of  the  three 
central  bumps.  Since  this  gun  has  a  sharp  edge,  which 
produces  a  large  nonlinear  force,  the  beam  acts  as  a  soft 
collimator  and  causes  the  high  loss  and  shorter  lifetime 
for  the  proton  beam.  It  provided  a  smaller  tune  region  that 
obtained  good  proton  beam  lifetime.  The  maximum 
lifetime  achieved  was  only  70hrs.  [2] 

To  resolve  this  problem,  a  new  gun  was  built  and 
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Figure  3:  The  measurement  (left)  and  the  designing 
of  the  new  Gaussian  gxm 

installed.  The  distribution-control  electrode  was  changed 
as  in  Figure  3.  The  electron  beam  profile  can  be  changed 
from  Gaussian  to  uniform  by  adjusting  the  voltage  on  this 
electrode.  For  typical  use  as  a  Gaussian  beam,  the 
perveance  was  designed  to  be  1 .2  fxP,  The  reason  for  the 
lower  perveance  is  due  to  the  fact  that  the  distribution- 
control  electrode  effectively  suppresses  current  from  the 
beam  edge.  The  measured  perveance  was  1.8  /iP  in  pulsed 
mode  and  1.3  fiP  in  DC  mode.  The  reason  for  this 
difference  is  currently  being  explored. 

The  tune  scans  for  the  Gaussian  gun  showed  that  it 
provided  a  larger  area  with  low  proton  losses.  The 
maximum  lifetime  of  the  proton  beam  was  160hrs  for 
same  tuneshift  as  the  flat-distribution  gun,  which  is  a 
significant  improvement[2]. 
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ELECTRON  BEAM  BENDS 

The  bending  angle  of  the  electron  beam  is  90  degrees 
for  the  present  layout  of  the  TEL[1].  The  electron  beam 
path  through  the  bends  and  the  final  beam  size  are  both 
determined  by  the  ratio  between  gun  solenoid  and  the 
main  solenoid;  therefore,  the  field  combinations  of 
gun/collector  solenoid  and  the  main  solenoid  for  electron 
beam  to  pass  without  scraping  the  walls  are  limited.  Also, 
there  is  not  much  freedom  to  vary  electron  beam  sizes  to 
adapt  to  the  larger-than-designed  (anti)proton  beam  sizes. 
In  addition,  the  electron  beam  size  is  larger  in  the  bends 
due  to  the  weak  magnetic  fields  in  the  bending  section. 
The  gradient  of  the  magnetic  field  also  causes  small 
vertical  beam  orbit  drift. 


Losses  in  TEL  vs  B_gun/B_main 


Figure  4:  Electron  losses  in  the  path 


Figure  4  shows  the  measured  transmission  rate  for 
above  configuration.  In  this  measurement,  the  average 
electron  beam  current  was  0.2mA.  So  the  color  code  of 
0.2  represents  the  electron  beam  was  totally  lost  in  the 
path. 

Decreasing  of  the  electron  bending  angle  (see  Figure  5) 
With  additional  solenoids  in  the  bending  path  expect  to  at 
east  double  the  transmission  region  of  Figure  4  between 
the  magenta  lines.  The  magnetic  field  simulations  show 
that  this  will  allow  60%  larger  e-beam  size  variation  than 
present  system.  Figure  5  shows  the  future  layout  of  the 
TEL  with  53  degrees  of  bending  angle.  The  new  support 
with  additional  solenoids  in  the  bending  section  (three  for 
gun  side  and  three  for  collector  side)  is  already  built  and 
tested.  These  solenoids  will  be  used  to  strengthen  the 
magnetic  field  in  the  bends  to  keep  the  electron  size 
smaller  and  the  beam  path  more  controlled. 


Figure  5:  New  layout  of  the  TEL 


The  results  of  the  magnetic  measurements  are  shown  in 
Figure  6.  The  three  red  rectangular  represent  the  solenoids 
in  the  gim  bend  and  the  green  box  represents  the  aperture 
liinit  for  the  electron  beam.  The  blue  line  is  the  designed 
trajectory  and  the  magenta  line  shows  the  electron  beam 
trajectory  deduced  from  the  magnetic  field  measurement. 
The  maximum  difference  is  about  1cm  at  the  exit  of  the 
last  solenoid,  which  can  easily  be  compensated  by 
adjustments  in  various  solenoid  currents  and  correctors. 
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Figure  6:  The  path  of  the  electron  beam  in  the  bends: 
designed  (magenta)  and  measured  (blue) 

BPM  UPGRADE 

The  BPM  pickups  installed  in  TEL  are  a  diagonally  cut 
cylinder  type  shown  in  Figure  7.  This  kind  of  BPM  gives 
good  linear  measurements  of  positions.  For  TEL 
operation,  we  want  to  measure  electron  beam  position 
relative  to  proton  or  pbar  beam  positions  veiy  precisely. 
However,  offsets  arise  fi*om  the  different  BPM 
impedances  for  electron  beam  and  proton  beam  signals, 
since  for  proton-like  signal  the  main  frequency 


Figure  7:  The  diagonally  cut  TEL  BPM  system 


component  is  about  53MHz  while  for  electron  beam  the 
main  frequency  component  is  less  than  2MHz.  The  cross- 
talking  between  different  electrodes  can  also  contribute  to 
the  offset.[3]  The  maximum  measured  offset  with  a  fixed 
position  wire  for  main  signal  fi*equency  fi-om  50MHz  to 
lOMHz  is  over  1mm  as  shown  in  Figure  7. 

A  new  BPM  system  with  four  plates  has  been  designed 
and  is  under  testing  (see  Figure  8  left).  It’s  compact  and 
has  built-in  electromagnetic  shields  between  neighboring 
plates  to  minimize  crosstalk.  The  measured  response 
versus  the  signal  frequency  for  this  BPM  is  shown  in 
Figure  8.  This  BPM  has  a  maximum  offset  of  only 
0.065mm,  compared  to  1mm  for  the  old  BPM. 
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Figure  8:  The  prototype  of  new  TEL  BPM 


MODULATOR  UPGRADE 

A  pulse  modulator  is  used  to  apply  the  short  high- 
voltage  pulse  to  the  anode  in  order  to  produce  the 
necessary  pulsed  current  for  beam-beam  compensation. 
To  obtain  a  tune  shift  of  0.01,  we  need  a  peak  current  of 
2 A  from  the  uniform-profile  electron  gun[l].  The  traces  in 
Figure  9  show  the  electron  pulse  shape  seen  at  the 
cathode,  collector,  and  a  BPM  plate.  On  the  left  graph,  the 
blue  trace  is  the  cathode  current,  cyan  trace  is  the 
collector  current,  and  the  magenta  is  the  BPM  signal.  The 
BPM  signal  shows  the  spikes  of  proton  bunch  signals  and 
an  additional  30MHz  ripples  caused  by  the  circuit 
resonance  of  the  modulator. 


Figure  9:  Electron  beam  pulse  shape 

The  30MHz  problem  was  solved  by  changing  the 
inductor  and  resistor  in  the  modulator  circuit.  In  addition, 
we  also  improved  the  pulse  rise  time  by  the  adjusting  the 
modulator  circuits.  The  graph  on  the  right  shows  the 
traces  after  this  upgrade:  the  blue  and  magenta  were  the 
cathode  and  collector  current  signals;  the  cyan  and  green 
were  BPM  intensity  and  position  signals  respectively.  We 
can  see  that  the  rise  time  is  shorter  and  the  30MHz  ripple 
is  gone. 

Another  problem  was  the  pulse-to-pulse  current 
fluctuations  at  15Hz,  60Hz  and  120Hz,  which  were 
caused  by  the  ripple  from  the  power  line  feeding  into  the 
RF  tube  in  the  modulator.  Changing  the  modulator’s 
filament  power  supply  to  DC  and  adding  60Hz  and  120Hz 
RF  compensation  to  the  screen  and  grid  power  supplies 
greatly  minimized  the  ripple.  Figure  10  shows  the  120Hz 
ripple  before  and  after  compensation.  With  all  these 
efforts,  the  electron  beam  pulse-to-pulse  stability  now  is 
better  than  0.1%.  We  also  decreased  the  timing  jitter  for 
electron  pulse  to  less  than  Ins. 
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Figure  10:  The  120Hz  ripple  before  (left)  and  after  adding 
the  compensation  (right) 

The  present  modulator  can  only  output  about  7kV 
pulse,  which  can  only  produce  600mA  peak  electron 
current  from  the  new  Gaussian  gun.  This  current  is  not 
enough  for  beam-beam  compensation.  In  addition,  the 
modulator  produces  an  undesired  trailing  pulse,  shown  as 
in  Figure  11,  which  excites  proton  bunches  during 
Tevatron  abort  gap  cleaning  operation[4].  Therefore,  we 
have  to  set  offset  voltage  of  about  -500V  in  order  to 
eliminate  this  trailing  pulse,  which  further  decreases  the 
available  voltage  to  produce  electron  current.  A  new 
modulator  is  needed  to  provide  14kV  pulses  and  not  have 
any  trailing  pulses. 


Figure  1 1 :  The  trailing  pulse  in  3-pulse  of  every  7  beam 
revolution  for  Tevatron  DC  beam  cleaning  operation. 
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SYNCHROTRON 

Kota  Torikai,  Yoshio  Arakida,  Shigerni  Inagaki,  Kunio  Koseki,  Eiji  Nakamura,  Takeshi  Toyama, 
Masayoshi  Wake,  Junichi  Kishiro,  Ken  Takayama,  KEK,  Ohol-1,  Tsukuba  City,  Ibaraki,  Japan,’ 
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Abstract 

An  induction  cavity  was  designed  for  the  POP 
experiment  of  induction  synchrotron  using  the  KEK 
12GeV  PS.  It  must  be  operated  at  a  repetition  rate  of 
667-882  kHz  for  acceleration  from  the  injection  energy  to 
the  flat-top  energy.  Design  issues  include  handling  of 
heat  deposit,  minimization  of  voltage  droop  and  coupling 
impedance,  and  tolerable  jitter.  Its  Q-value  on  the  cavity 
assembled  following  the  design  was  obtained  from  the 
longitudinal  coupling  impedance  measurement.  Effects  of 
the  droop  in  the  acceleration  voltage  on  the  synchrotron 
motion,  which  has  been  estimated  from  &e  circuit 
parameter  measurement  on  R,  C,  and  L,  was  analysed 
from  a  longitudinal  beam  dynamics  point  of  view.  The 
effect  of  the  droop  is  given  by  the  square  of  phase  delay. 

INTRODUCTION 

A  novel  idea  of  the  induction  S5mchrotron,  which  was 
proposed  by  Ken  Takayama  and  Junichi  Kishiro  [1], 
enables  us  to  have  an  extremely  long  bunch,  called  a 
super-bunch  [2].  Employing  this  novel  technique,  it 
seems  to  be  possible  to  multiply  the  beam  intensity 
without  increasing  the  line  density.  A  POP  experiment  of 
the  induction  synchrotron  is  scheduled  in  2003  [3].  For 
super-bunch  production  a  long  and  flat  accelerating 
voltage  and  a  short-pulse  barrier  bucket  are  crucial 
instruments.  Important  issues  to  realize  the  induction 
cavity  are  among  (1)  heat  deposit  and  cooling,  (2)  high 
voltage  shielding  in  the  cavity,  (3)  ceramic  accelerating 
gap,  (4)  longitudinal  and  transverse  coupling  impedances, 
(5)  droop.  It  depends  on  a  chosen  magnetic  material  and 
a  repetition  rate  how  serious  the  first  issue  is.  Since  the 
issue  (1)  and  (2)  have  been  discussed  in  another  place  [4], 
they  are  not  mentioned  much  here. 

INDUCTION  ACCELERATING  SYSTEM 

The  Induction  accelerating  system  including  a  diver  is 
represented  as  an  equivalent  parallel  LCR  circuit  within  a 
certain  range  of  frequency.  Such  an  equivalent  circuit 
model  is  schematically  shown  in  Fig.l.  In  this  model,  L 
stands  for  the  inductance  of  the  magnetic  core,  C  for  the 
stray  capacitance  of  the  cavity,  R  for  the  effective  loss  of 
the  core,  respectively.  Responses  of  the  cavity  to  a 
rectangular-shape  input-pulse  are  characterized  by  a  delay 
in  the  rise  time  and  a  voltage  droop,  as  shown  in  Fig.  1.  A 
rise  time  of  the  voltage  is  proportional  to  a  factor  1  /  CR, 
and  the  voltage  droop  is  determined  by  L  /  R.  The  cavity 
is  connected  with  a  pulse  modulator  [5]  through  a  coaxial 


cable  so  as  to  keep  its  semiconductors  away  from  the 
radiation  in  the  accelerator  ring.  Therefore,  the  pulse 
operation  requires  wideband  matching  to  suppress  the 
reflection  from  the  cavity. 


Figure  1 :  Induction  Acceleration  Setup 

LONGITUDINAL  IMPEDANCE 
MEASUREMENT 

A  measurement  of  longitudinal  impedance  of  the  cavity 
was  made  within  the  frequency  range  of  300  kHz  -  1  GHz 
by  employing  the  S-matrix  technique  [6].  The  assembled 
cavity  and  longitudinal  impedance  measurement  setup  are 
shown  in  Fig.  2,  and  the  measurement  composition  is 
shown  in  Fig.  3.  The  results  are  given  in  Table  2. 
Resonant  structures  at  289MHz  and  578MHz  were  found 
to  be  a  quality  factor  of  66  and  68.  These  resonances  are 
understood  to  result  from  the  length  of  the  primary 
current  loop  (0.5m).  Each  of  other  resonances  has  a  much 
lower  Q-value. 


Figure  2:  Induction  Cavity  with  Transmission  Lines 
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Primary  current  loop 


FINEMETX6 


Matching  resistor:  306[Q] 

I  O0.4-150[mm]transmission  line 
Zc:356[Q] 


Zc:50[Q]  coaxial  cable 
Figure  3:  Measurement  Composition 


Table  1:  Longitudinal  Impedance  of  the  Induction 
_ _ Cavity _ 


Freq.[MHzl 

Long. 
Imp.  [Q] 

Freq. 

Width[MHz] 

Q-value 

203 

24 

46 

4 

289 

4 

4 

66 

299 

18 

6 

50 

386 

25 

14 

27 

431 

24 

23 

19 

578 

37 

9 

68 

830 

21  1 

61 

14 

L,  C,  R  OF  INDUCTION  CAVITY 

An  impedance  of  the  cavity  is  measured  as  an 
equivalent  circuit  expression  of  RLC-series, 

1 


(cC, 


where  and  is  expressed  by  the  complex 
permeability  of  the  donut-shaped  core  ju  =  //'+ 7//" , 

=-^Dln-.L,  =^D\n- 
2n  a  2n  a 

where  D,  a  and  b  represent  the  thickness,  the  inner 
diameter  and  outer  diameter  of  the  core,  respectively.  In 
general,  each  of  //',//"  has  frequency  dependence,  not  a 
constant.  The  step  voltage  input  consists  of  many  higher- 
order  frequencies.  Therefore,  the  measurement  of 
is  required. 

Consequently,  a  transformation  of  equivalent  parallel 
RLC  circuit  is  performed  by 


=- 


R 


= 


cavity 


2r  ’  ^  ^  cavity 

CO  4  Cp 


For  consideration  of  the  impedance  matching,  a  reflection 
p  is  related  as  the  function  of  impedance  between  the 

cavity  and  the  transmission  lineZ^^.^^ , 


7  -7 

^ _  line  cavity 

^line  ^cavity 

The  real  part  and  the  imaginary  part  of  impedance  are 
measured  for  certain  frequency  range  by  network 
analyzer.  In  this  measurement,  the  inductance  and  the 
capacitance  are  determined  by  employing  Q-value  at  a 
resonance  frequency.The  frequency  dependence  of  the  L 
and  R  of  the  cavity  can  be  obtained  by  changing  the 
resonant  frequency  by  adding  a  capacitor  of  known  value 
to  the  measurement  setup.  The  frequency  dependence  of 
the  inductance  and  the  resistance  is  measured  to  compare 
the  equivalent  L,  R  of  the  naked  core  with  that  of  the 
assembled  cavity.  The  results  are  shown  in  Fig.4. 


0.1 


10 


Frequency  f  [MHz] 


1000 

I 

I 


10 

0.1  1  10  . 

Frequency  f  [MHz] 

Figure  4:  Comparison  of  Naked  Core  and  Cavity 

Design  parameters  of  the  required  induction  cavity  are 
listed  in  Table  2.  The  frequency  dependence  of  the 
inductance  and  resistance  has  considerable  effect  on 
impedance  matching  between  the  induction  cavity  and  the 
power  modulator.  Consequently,  the  repetition  rate  change 
of  synchrotron  operations  induces  an  acceleration  voltage 
error  and  an  additional  feedback  system  will  be  needed  to 
satisfy  the  stability  criteria. 


Table  2:  First  Plan  of  the  Design  Parameters  for  an 
Induction  Synchrotron  POP  Experiment  at  KEK-PS 


Induction  Voltage 

2500V 

Repetition  Rate  (injection) 

667kHz 

Resistive  Component  of  a  core 

46a 

Inductive  Component  of  a  core 

20pH 

Capacitance  of  the  Cavity 

300pF 

Core  Stacks 

6 

Impedance  of  the  Cavity 

267a 

Matching  Resistor 

215a 

Impedance  of  Coaxial  Cable 

i2oa 

Loss  of  the  Cavity  (50%  Duty) 

11.4kW 

Loss  of  Matching  Resistor  (50% 
Duty) 

14.5kW 

Required  Total  Power  (50%  Duty) 

25.9kW 

•  Naked  Core  It 

•  Assembled  Cavity  j; 

1  i  i  1  1  1  1  1 

1  1  1  1  1  :  1  : 

1  1  !  1  1  M  : 

1  1  1  1  1  i  1  1 

1  III  1  I 

1^. 

1  1  1 

>  1  t 

1  1  1 

I 

1  1  M 

till 

1  1  1  1  T 

t  1  1  1  1 1 1 

1  )  1  1  I  i 

1  y=i42.435fP‘:'7i 
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VOLTAGE  DROOP 'S  EFFECTS  ON  RF 
BUNCH  CONFINEMENT 

The  induced  voltage,  shown  in  Fig.l,  is  expressed  as  a 
function  of  the  synchrotron  phase  maximum  induced 
voltage  F(,  and  voltage  droop  v  , 

In 

In  the  POP  experiment  step-I,  an  RF  confined  bunch  is 
accelerated  with  induction  voltage.  Therefore,  the  applied 
total  voltage  is  given  by 

=  Frf  sin  ^  A 

2n 

Consequently,  the  potential  well  U{(l>)  is  written  in  the 
form  of 

[/(^)  =  (_  cos<^-Af),A^  • 

2fr  4;rF^ 

The  voltage  droop  changes  the  RF  potential  and  modifies 
the  RF  buckets  as  shown  in  Fig. 5.  In  the  droop  effect,  a 
ratio  of  becomes  an  important  parameter 

representing  the  RF  bucket  distortion. 


Changes  in  the  phase-space  as  a  function  of  structure 
the  ratio  A  are  shovra  in  Fig.6.  In  the  POP  experiment, 
=  92kV,  and  F^  ''400V.  The  parameter^  is  an  order 

of  10"^  .  A  modification  in  the  phase  space  should  be 
negligibly  small;  RF  bunch  confinement  can  be 
performed  well. 


■f-O®  A-CI 


Figure  6:  Effect  of  Voltage  Droop  in  Phase  Space 


CONCLUSIONS 

From  the  comparison  of  the  naked  core  and  the  whole 
cavity,  the  cage  reduces  effective  permeability  to  1/2. 
Therefore,  an  induction  cavity  for  the  POP  experiment  is 
designed  with  that  effect.  As  for  an  induced  electric  field, 
a  sufficient  gap  distance  and  a  narrowed  primary  loop  are 
effective  to  reduce  the  structural  capacitance.  4-68  Q- 
values  were  obtained  from  a  longitudinal  coupling 
measurement.  Mode  specifications  of  the  resonances  are 
now  being  made.  From  the  acceleration  voltage  analysis, 
voltage  droop  distort  the  potential  well  and  decreases  the 

stable  area  as  a  function  of  and  . 

4^ 
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PROGRESS  IN  DESIGNING  A  MUON  COOLING  RING 
WITH  LITHIUM  LENSES 
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Harold  G.  Kirk,  Brookhaven  National  Laboratory,  NY 


Abstract 

We  discuss  particle  tracking  simulations  in  a  storage  ring 
with  lithium  lens  inserts  designed  for  the  six-dimensional 
phase  space  cooling  of  muons  by  the  ionization  cool¬ 
ing.  The  ring  design  contains  one  or  more  lithium  lens 
absorbers  for  transverse  cooling  that  transmit  the  beam 
with  very  small  beta-function  values,  in  addition  to  liquid- 
hydrogen  wedge-shaped  absorbers  in  dispersive  locations 
for  longitudinal  cooling.  Such  a  ring  could  comprise  the 
final  component  of  a  cooling  system  for  use  in  a  muon  col¬ 
lider.  The  beam  matching  between  dipole-quadrupole  lat¬ 
tices  and  the  lithium  lenses  is  of  particular  interest. 

OVERVIEW 

The  ionization  cooling  is  one  of  the  most  promising 
method  to  reduce  the  6  dimensional  phase  space  of  muon 
beam,  where  both  transverse  and  longitudinal  momenta  are 
reduced  due  to  the  energy  loss  in  absorbers,  and  only  lon¬ 
gitudinal  components  of  the  muon  momenta  are  restored 
through  the  accelerating  fields  of  RF  cavities.  The  multi¬ 
ple  Coulomb  scattering  contributes  to  heat  the  transverse 
phase  space.  And  the  dE/dx  straggling  through  absorbers 
contributes  to  heat  the  longitudinal  phase  space.  Wedge 
absorbers  in  dispersive  region  in  bending  cells  perform 
the  emittance  exchange  between  the  longitudinal  emittance 
and  the  horizontal  emittance.  [1] 

Lithium  lens  is  an  active  focusing  element  with  energy 
absorber  function  at  the  same  time.  With  P  at  1  cm  with 
high  current  density  Lithium  lenses,  the  equilibrium  nor¬ 
malized  transverse  emittance  can  be  at  around  100  mm  • 
mrad,  which  is  necessary  for  a  collider.  [2] 

In  the  muon  cooling  ring  with  Lithium  lenses,  Lithium 
lenses  with  the  P  function  as  low  as  1.0  cm  is  placed  in 
a  straight  section  with  matching  solenoid  magnets.  Figure 
1  shows  a  schematic  view  of  a  muon  cooling  ring  with  a 
Lithium  lens.  Circumference  is  37.5  m,  the  straight  section 
is  5.9  m  long  each,  and  the  radius  of  the  bending  section  is 
4.6  m. 

MUON  COOLING  IN  STRAIGHT 
CHANNELS  WITH  LITHIUM  LENSES 

We  designed  muon  cooling  rings  with  a  Lithium  lens 
which  is  made  of  2  matching  higher  p  Lithium  lenses  sand¬ 
wiching  the  central  lower  P  Lithium  lens.  P  at  the  inner  22 
cm  long  Lithium  lens  is  1.0  cm .  The  matching  Lithium  rod 
with  the  length  of  6.3  cm  each,  which  sandwich  the  central 

*  fukui@slac.staiiford.edu 


Wedge 

Absorber  Lithium  Lens 


Figure  1 :  A  schematic  diagram  of  a  muon  cooling  ring  with 
Lithium  lenses  in  straight  sections. 

Lithium  lens,  has  an  equilibrium  P  at  4.0  cm,  which  swings 
the  P  function  from  the  /?  at  16  cm  at  the  outer  end  to  the 

at  1  cm  at  the  inner  end  of  the  matching  Lithium  rod. 
The  solenoids  has  6  Tesla  Bz  field  where  the  Bz  direction 
of  solenoids  is  opposite  to  each  other,  and  each  solenoid 
is  1.3  m  long  Figure  2  shows  a  schematic  diagram  of  a 
Lithium  lens  and  straight  section  which  is  made  of  2  match¬ 
ing  solenoids  and  a  set  of  Lithium  lenses.  Figure  3  shows 
the  /?  as  a  function  of  z  in  the  Lithium  lens  and  matching 
cells  with  solenoids. 

In  order  to  study  the  muon  beam  dynamics  through  a 
Lithium  lens  and  matching  solenoid  lattices  which  sand¬ 
wich  the  Lithium  lens,  we  performed  tracking  simulation 
with  ICOOL  tracking  code.  [3]  Original  model  was  de¬ 
signed  by  using  the  SYNCH  [4]  which  generates  the  input 
date  for  the  tracking  code  ICOOL. 

Uchlum  Lens  system 


Figure  2:  A  schematic  diagram  of  a  Lithium  lens(Ieft)  and 
straight  section(right). 

Figure  4  shows  the  development  of  the  normalized  trans¬ 
verse  emittance  as  a  function  of  z  through  33  sets  of  5.9  m 


0-7803-7738-9/03/$!  7.00  ©  2003  IEEE 


1787 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Figure  3:  ^  as  a  function  of  s  in  the  Lithium  lens  and  match¬ 
ing  cells  with  solenoids. 


*  (m) 


Figure  4:  Normalized  transverse  emittance  as  a  function  of 
z  through  33  sets  of  straight  sections. 

long  straight  channel.  In  this  simulation,  the  loss  of  muon 
Pz  due  to  the  dE/dx  energy  loss  through  the  Lithium  lens 
is  recovered  through  a  thin  RF  cavity  by  adding  average  pz 
kick.  The  equilibrium  normalized  transverse  emittance  is 
around  0.3  mm  •  rad.  Figure  5  and  6  show  the  develop¬ 
ment  of  the  normalized  longitudinal  emittance,  Ap/p  and 
Az  as  a  function  of  z,  and  the  transmission  as  a  function  of 
z,  respectively. 


Figure  5:  Normalized  longitudinal  emittance,  Ap/p  and 
Az  as  a  function  of  z  through  33  sets  of  straight  sections. 


*rran«mi*slon 


Figure  6:  Muon  transmission  as  a  function  of  z  through  33 
sets  of  straight  sections. 


MUON  COOLING  IN  A  COOLING  RING 
WITH  LITHIUM  LENSES 

We  designed  a  45  degree  bending  cell  by  using  two 
sets  of  zero-gradient  dipole  magnets  with  edge  focusing. 
Wedge  absorbers  of  liq.  H2  are  placed  in  dispersive  re¬ 
gions  in  the  bending  cells.  RF  cavities  are  placed  wherever 
the  space  is  available. 

Figure  7  shows  (3  vs.  z  and  D  vs.  z  in  a  muon  cooling 
ring  with  Lithium  lenses  in  straight  sections.  The  /?  vs.  z 
and  D  vs.  z  in  a  45  degree  bending  cell  is  shown  in  Figure 
8  We  placed  1.7  cm  long  liq.i72  wedge  absorbers  at  the 
center  of  dispersive  regions  in  the  bending  cells. 


Figure  7:  /?  vs.  z  and  D  vs.  z  in  a  muon  cooling  ring  with 
Lithium  lenses  in  straight  sections 


PmU  1  t-ngih 


Figure  8:  /?  vs.  z  and  D  vs.  z  in  a  45  degree  bending  cell 

Table  1  lists  parameters  of  the  muon  cooling  ring  with 
two  Lithium  lenses  in  straight  channels. 

Table  1 :  Parameters  of  a  muon  cooling  ring 


muon  momentum 

250  MeV/c 

Circumference 

37.5  m 

straight  section  length 

5.9m(x2) 

Structure  of  half  cell 

2  dipoles  with  edges 

number  of  bending  cells 

8 

bend  cell  length 

3.6  m 

length  of  Lithium  lens 

34.5  cm  (x  2) 

lowest  (3  in  Lithium  lens 

1,0  cm 

energy  loss 

35  MeV/tum 

dipole  bend  angles 

44.2,  -21.7  degree 

dipole  edge  angles 

30/-3,-ll/-ll  degree 

dipole  magnetic  field 

6.5,  -3.2  tesla 

Cell  tunes  bend  cell 

0.72/0.70 

Cell  tunes  straight  cell 

4.0 
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Figure  9  shows  the  development  of  the  normalized  trans¬ 
verse  emittance  as  a  function  of  z  through  8  turns  of  the 
muon  cooling  ring  in  Figure  1.  channel.  In  this  simulation, 
the  loss  of  muon  pz  due  to  the  dE/dx  energy  loss  through 
the  Lithium  lens  or  Liq.  H2  wedge  absorbers  is  recovered 
through  a  thin  RF  cavity  by  adding  average  Pz  kick.  The 
figure  indicates  the  transverse  cooling  in  the  muon  cooling 
ring  with  Lithium  lenses.  Figure  10  and  11  show  the  de¬ 
velopment  of  the  normalized  longitudinal  emittance,  Ap/p 
and  Az  as  a  function  of  z,  and  the  transmission  as  a  func¬ 
tion  of  z,  respectively. 


Figure  9:  Normalized  transverse  emittance  as  a  function  of 
z  through  8  turns  of  a  muon  cooling  ring. 


Cj  (mm) 


z(m) 

Figure  10:  Normalized  longitudinal  emittance,  Ap/p  and 
Az  as  a  function  of  z  through  8  turns  of  a  muon  cooling 
ring. 


CONCLUSION 

We  designed  a  race  track  muon  cooling  ring  with  35  cm 
long  Lithium  lenses  in  straight  channels  with  /3  at  1  cm. 
Bending  cells  have  zero-gradient  dipole  magnets  with  edge 
focusing,  and  wedge  absorbers  in  dispersive  regions.  Study 
is  in  progress  to  obtain  the  6  dimensional  muon  cooling  in 
this  cooling  ring. 
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Figure  11:  Muon  transmission  as  a  function  of  z  through  8 
turns  of  a  muon  cooling  ring. 
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LONGITUDINAL  BUNCH  ROTATION  SCHEME  IN  A  MUON  COOLING 

RING 

Y,  Fukui*,  University  of  California  at  Los  Angeles,  CA 

Abstract 

Table  1:  Comparison  of  an  electron  damping  ring  and  the 
We  present  an  idea  of  achieving  better  longitudinal  phase  Muon  Cooling  ring 
space  cooling  in  a  muon  cooling  ring  with  the  RF  cavity 


configuration  which  generate  short  bunch  length  and  large 
energy  spread  at  the  energy  absorbers  in  a  low  momen¬ 
tum  muon  cooling  ring.  In  this  scheme,  the  heating  terms 
in  the  longitudinal  phase  space,  the  slope  of  the  dE/dx  as 
a  function  of  muon  momentum  and  the  dE/dx  straggling 
through  absorbers,  are  relatively  small  compared  to  the  en¬ 
ergy  spread  of  the  muon  beam  in  the  absorber. 


INTRODUCTION 

The  Muon  Ring  Cooler,  a  muon  cooling  ring  with  con¬ 
ventional  (non-solenoidal)  magnet  elements,  has  demon¬ 
strated  emittance  exchange  from  the  longitudinal  phase 
space  to  the  horizontal  transverse  phase  space  by  using  a 
wedge  absorbers  in  dispersive  region.[l]  The  source  of  the 
6  dimensional  phase  space  cooling  is  the  ionization  cool¬ 
ing,  where  muons  lose  magnitude  of  momentum  by  the 
ionization  energy  loss  through  absorbers,  and  then  only 
is  recovered  by  the  RF  cavities,  which  gives  the  net  ef¬ 
fect  of  the  transverse  phase  space  cooling.  The  transverse 
heating  factor  is  the  multiple  Coulomb  scattering  through 
absorbers,  which  effect  can  be  minimized  by  placing  ab¬ 
sorbers  where  the  is  small,  and  hence  the  beam  angles, 
dx/dz  or  dy/dz  are  relatively  large  compared  to  the  scatter¬ 
ing  angle.  The  longitudinal  heating  factors  are,  the  dE/dx 
straggling  through  an  absorber,  and  the  non-zero  slope  of 
dE/dx  as  a  function  of  muon  momentum.  In  the  same  way 
as  in  the  transverse  phase  space,  those  heating  terms  in  the 
longitudinal  phase  space  can  be  relatively  small  compared 
to  the  energy  spread  of  the  muon  beam  in  the  absorber  in 
this  scheme. 

Table  1  lists  a  comparison  of  an  electron  damping  ring 
and  a  muon  cooling  ring  on  elements  of  damping,  exci¬ 
tation,  and  the  partition  numbers  in  the  transverse  phase 
space  and  in  the  longitudinal  phase  space. 

CONTROLLING  THE  LONGITUDINAL 
PHASE  SPACE  PARAMETERS 

In  the  transverse  phase  space,  the  (transverse)  strong  fo¬ 
cusing  FODO  lattice  system  [2]  allows  us  to  have  a  large 
Ax’  (transverse  angle)  and  a  small  Ax  (transverse  beam 
size)  at  the  absorbers  where  the  effect  of  the  multiple  scat¬ 
tering  (transverse  phase  space  heating)  on  the  Ax’  is  mini¬ 
mized,  due  to  the  large  Ax’  there.  The  magnetic  elements 
used  here  is  the  focusing/defocusing  quadrupole  magnets. 
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In  the  exactly  the  same  way  as  the  transverse  phase 
space,  we  can  think  about  setting  a  FODO  lattice  structure 
with  a  Longitudinal  Strong  Focusing  which  is  based  solely 
on  the  longitudinal  phase  space. 

Figure  1  shows  schematics  of  the  transverse  and  longi¬ 
tudinal  strong  focusing.  UFP(Unstable  Fixed  Point)  and 
SFP(Stable  Fixed  Point)  in  the  Ap/p  -  0(RF  phase)  phase 
space  are  used  to  expand  or  contract  the  bunch  length  of 
muon  beam  in  a  longitudinal  strong  focusing  lattice.  The 
length  of  the  longitudinal  strong  focusing  lattice  is  allowed 
to  be  different  from  the  length  of  the  transverse  strong  fo¬ 
cusing  lattice. 

In  order  to  realize  the  longitudinal  strong  focusing 
lattice,  one  or  multiple  of  the  following  conditions  need  to 
be  met: 

1)  muon  momentum  is  low  enough  or  the  RF  gradient  is 
large  enough  in  order  to  generate  AcAt  in  going  from  an 
absorber  to  another  absorber, 

2)  the  magnitude  of  the  energy  straggling  in  the  dE/dx 
energy  loss  through  an  absorber  is  smaller  than  the  total 
energy  spread  of  the  muon  bunch  at  the  absorber  location. 


SUMMARY 

The  longitudinal  strong  focusing  lattice  can  be  used  to 
minimize  the  normalized  equilibrium  longitudinal  phase 
space  of  the  muon  beam,  combined  with  the  use  of  a  wedge 
absorber  in  a  dispersive  region  in  a  muon  cooling  ring.  The 
longitudinal  heating  factors,  the  dE/dx  straggling  through 
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an  absorber,  and  the  non-zero  slope  of  dE/dx  as  a  function 
of  muon  momentum,  can  be  made  relatively  small  com¬ 
pared  to  the  energy  spread  of  the  muon  beam  in  the  ab¬ 
sorber  in  this  scheme.  This  scheme  corresponds  the  scheme 
of  the  transverse  cooling  through  the  ionization  cooling 
where  the  low  (3  is  required  to  achieve  the  low  transverse 
normalized  equilibrium  emittance. 
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Abstract 

Muons,  despite  their  short  lifetime,  have  an  advantage 
in  that  they  can  be  accelerated  through  matter  without 
suffering  appreciable  scattering  as  do  strongly  interacting 
protons  or  electromagnetic  showering  as  do  less  massive 
electrons.  Thus  RF  cavities  filled  with  dense  gas  to 
suppress  electrical  breakdown  can  provide  high  gradients 
for  relatively  short  muon  ionization-cooling  channels  for 
Neutrino  Factories  and  Muon  Colliders.  Hydrogen  gas, 
with  large  dE/dx,  radiation  length,  and  heat  capacity,  also 
acts  as  the  perfect  energy  absorber  having  several 
engineering  advantages.  The  progress  of  a  DOE  STTR 
grant  project  to  develop  high-pressure  high-gradient  RF 
cavities  is  described.  First  measurements  of  RF 
breakdown  curves  are  reported,  where  stable  operation 
was  achieved  with  surface  gradients  of  50  MV/m  for 
hydrogen  and  28  MV/m  for  helium. 

INTRODUCTION 

The  development  of  liquid  hydrogen  energy  absorbers 
and  RF  cavities  for  ionization  cooling  of  muon  beams  has 
been  underway  for  some  years  by  members  of  the 
Neutrino  Factory  and  Muon  Collider  Collaboration, 
NFMCC  [2].  These  efforts  will  lead  to  a  Muon  Ionization 
Cooling  demonstration  Experiment,  MICE  [3].  Last  year 
a  new  initiative  started  to  study  an  alternative  to  the 
NFMCC-MICE  technique  for  ionization  cooling  [4]. 
Muons,  Inc,  in  partnership  with  IIT,  has  been  funded  by  a 
Small  Business  Technology  Transfer  (STTR)  grant  to 
develop  high  gradient  RF  cavities  that  are  filled  with  a 
dense  gaseous  energy  absorber  that  also  suppresses  RF 
breakdown  as  described  by  Paschen’s  Law  [5]. 

A  dense  gaseous  energy  absorber  enables  an  entirely 
new  technology  to  generate  high  accelerating  gradients 
for  muons  by  using  the  high-pressure  region  of  the 
Paschen  curve.  Electrical  breakdown  is  suppressed  in  this 
case  because  the  mean  free  path  for  an  ion  in  a  dense  gas 
is  so  short  that  collisions  prevent  acceleration  to  high- 
enough  energy  to  create  an  avalanche.  This  idea  of  filling 
RF  cavities  with  gas  is  new  for  particle  accelerators  and  is 
possible  only  for  muons  because  they  do  not  scatter  as  do 
strongly  interacting  protons  or  shower  as  do  less-massive 
electrons.  Multiple  Coulomb  scattering  is  important, 
though,  so  a  long  scattering  length  is  beneficial. 

In  this  application,  hydrogen  gas  is  twice  as  effective  as 
helium,  the  next  best  gas  [4].  The  use  of  a  gaseous 
absorber  presents  other  practical  advantages  [6]  that  make 
it  a  simpler  and  more  effective  cooling  method  compared 
to  the  liquid  hydrogen  flasks  used  in  the  NFMCC  and 


MICE  designs.  Also,  a  new  idea  for  six-dimensional 
cooling  using  gaseous  hydrogen  has  been  proposed  [7]. 

LAB  G  TEST  CELL 

Phase  I  of  the  STTR  grant  was  to  build  an  805  MHz  RF 
test  cell  (TC)  and  to  use  it  at  Lab  G  at  Fermilab  to 
measure  breakdown  characteristics  of  helium  gas  at  high 
pressure  and  at  liquid  nitrogen  temperature.  Figure  1 
shows  a  cross  section  schematic  of  the  prototype  TC  used 
for  the  initial  tests  at  Lab  G.  The  top  and  bottom  discs  of 
the  pillbox  design  are  standard  12”  diameter  stainless 
steel  (SS)  Conflat  blanks  commonly  used  for  vacuum 
applications.  These  are  strong  and  relatively  inexpensive, 
with  replaceable  copper  gaskets  that  did  not  work  in  this 
high-pressure  application.  Instead,  the  gaskets  were 
replaced  with  rings  of  lead-tin  solder  in  special  grooves. 
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Figure  1.  Test  Cell  Schematic.  The  ID  is  9  inches,  the 
internal  height  3.2  inches,  and  the  electrode  gap  is  2  cm. 


The  cylindrical  wall  of  the  pillbox  is  made  of  copper  to 
ensure  good  thermal  conductivity  between  the  contained 
gas  and  a  liquid  nitrogen  bath  surrounding  the  TC, 
Stainless  steel  bolts  hold  the  copper  cylinder  between  the 
two  SS  disks.  Stainless  steel  and  copper  are  used  in  this 
application  because  they  have  almost  identical 
coefficients  of  thermal  expansion.  This  feature  reduces 
the  design  complications,  making  the  interfaces 
effectively  static  problems  and  the  bolt  tensions  almost 
independent  of  temperature. 

The  30-inch  long  SS  coaxial  RF  feed  shown  in  figure  1 
allowed  the  pressure  barrier  to  be  well  above  the  LN2 
bath  where  it  did  not  suffer  thermal  variations.  This 
allowed  a  simple  barrier  design  where  the  central 
conductor  was  epoxied  in  place.  The  power  feed  and 
probe  used  for  the  measurements  described  below  were 
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not  loop-couplers  as  shown  in  the  schematic,  but 
capacitive  stubs. 

A  network  analyzer  was  used  to  measure  the  Qo  and 
calibrate  the  pickup  probe  at  room  temperature  and  at 
liquid  nitrogen  temperature.  Calibrated  directional 
couplers  were  used  to  measure  the  forward  and  reflected 
RF  power.  The  program  SuperFish  was  used  to  calculate 
the  ideal  Qo  and  shunt  impedance  of  the  cavity  from 
which  the  power  for  a  given  gradient  was  calculated.  One 
could  easily  determine  the  TC  resonant  frequency  by 
maximizing  the  amplitude  of  the  signal  from  the  probe  as 
a  function  of  the  klystron  pulse  generator  frequency. 

The  TC  had  a  measured  Qo  of  25,300  at  77  K  and 
13,600  at  room  temperature.  The  calculated  room 
temperature  Qo  for  the  TC  was  19,200.  The  measured 
room  temperature  Qo  is  about  30  %  lower  than  calculated. 
This,  however,  is  within  the  expected  normal  range  for 
cavities  that  are  bolted  together.  One  normally  comes 
within  5  %  of  calculation  with  high  purity  copper  cavity 
brazed  or  electron-beam  welded  together  and  with  only  a 
few  small  ports. 

The  Qo  improved  a  factor  of  1.86  at  77  K  compared  to 
room  temperature.  The  resistance  ratio  for  pure  copper 
over  this  temperature  range  is  8.  This  corresponds  to  an 
expected  Qo  improvement  factor  of  2.82  for  highly 
purified  copper  since  Q  is  inversely  proportional  to  the 
square  root  of  the  resistivity.  However,  the  TC  was  not 
constructed  solely  of  high  purity  copper.  The  outside 
cylinder  of  the  TC  was  made  of  high  purity  copper  but  the 
end  plates  were  made  of  copper  plated  stainless  steel.  The 
lead-tin  solder  seal  between  the  copper  plated  disks  and 
the  copper  cylinder  may  have  had  a  larger  effect  on  the  Q 
than  Ae  plating  material,  however,  but  remains  to  be 
investigated. 


of  the  klystron.  All  internal  SS  surfaces  were  plated  with 
copper  to  improve  the  cavity  quality  factor  and  reduce  RF 
heating.  At  800  MHz,  the  skin  depth  is  2.7  microns  so 
that  any  plating  of  at  least  10  microns  is  sufficient. 


Because  of  the  use  of  high-pressure  hydrogen,  safety 
issues  were  a  major  concern.  The  Test  Cell  Document  [8] 
prepared  for  the  Fermilab  Liquid  Hydrogen  Target  Safety 
Panel  contains  the  required  engineering  note,  flammable 
gas  analysis,  and  oxygen  deficiency  analysis. 


HELIUM  DATA 


Figure  3  shows  the  breakdown  voltages  for  the  test  cell 
with  helium  gas  at  liquid  nitrogen  temperature  as  a 
function  of  pressure.  The  dark  diamonds  were  obtained 
by  first  raising  the  klystron  power  until  breakdown 
occurred,  then  slowly  lowering  the  power  until  the  pulses 
were  clean,  with  no  breakdown  over  a  few  minute  period. 
The  light  squares  show  the  resonant  frequency  of  the 
cavity  (MHz).  The  RF  frequency  is  a  sensitive  measure 
of  the  pressure.  A  close  examination  of  the  frequency 
point  at  315  PSIG  shows  the  pressure  is  set  incorrectly 
and  the  actual  pressure  was  345  PSIG,  which  explains 
why  that  gradient  point  seems  high. 

Paschen  Curve  for  Hetium  at  77  K 


Gradient  (MV/m)  ■  f  (MHz) 


Figure  3.  Maximum  stable  RF  gradient  (dark)  for  helium 
at  liquid  nitrogen  temperature  and  cavity  frequency  (light) 
as  a  function  of  pressure.  The  dark  Paschen  curve  was  the 
proof  of  principle  goal  of  the  STTR  phase  I  project. 


The  data  seem  to  follow  the  linear  increase  with 
gradient  expected  by  Paschen’s  Law  up  to  a  value  useful 
for  muon  cooling  applications. 


Figure  2.  Twelve-inch-diameter  Copper-plated  stainless- 
steel  Conflat  disk  and  electrode. 

Figure  2  shows  a  picture  of  the  bottom  disk  and  one 
doorknob  electrode  just  before  the  TC  was  assembled  to 
measure  hydrogen  breakdown  for  the  first  time.  The 
shape  of  the  electrode  was  made  more  hemispherical  than 
shown  in  the  schematic  to  match  the  TC  frequency  to  that 


HYDROGEN  DATA 

On  April  11,  the  use  of  hydrogen  gas  in  the  Lab  G 
environment  was  authorized.  After  3  hours  of 
conditioning  at  450  PSIG  at  77  K  the  maximum  gradient 
increased  from  35  MV/m  to  over  55  MV/m.  Another  5 
hours  of  conditioning  did  not  improve  the  maximum 
gradient  and  may  have  made  it  worse.  At  that  point  the 
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dark  points  in  figure  4  were  taken.  After  raising  the 
voltage  until  breakdown  occurred,  the  dark  colored 
diamonds  were  obtained  by  then  slowly  lowering  the 
power  until  the  RF  ran  stably,  without  sparking. 

The  previous  data  measured  in  1948  [9],  shown  in 
figure  4  as  light  colored  squares,  have  a  maximum  of  28 
MV/m  at  23  atmospheres  at  room  temperature  and  DC 
conditions.  In  figure  4  the  pressures  of  these  data  have 
been  scaled  to  77  K  for  comparison. 

The  new  data  show  the  same  Paschen’s  Law  behavior 
as  the  helium  data,  where  the  maximum  stable  gradient 
increases  almost  linearly  with  pressure,  up  to  170  PSIA. 
In  the  hydrogen  case,  however,  the  rate  of  increase  of  the 
maximum  gradient  diminishes  once  the  gradient  reaches 
50  MV/m,  presumably  due  to  breakdown  at  the  electrode 
surface. 


Figure  4.  Measured  maximum  stable  RF  gradients  for 
hydrogen  gas  at  LN2  temperature  compared  to  the  DC 
breakdown  gradients  of  Felici  and  Marchal  (1948). 


The  pressurized  test  cell  required  RF  conditioning 
that  is  usual  for  evacuated  cavities.  That  is,  the 
application  of  many  breakdown  discharges  usually  allows 
higher  and  higher  voltages  to  be  attained.  The  breakdown 
above  170  PSIA  in  figure  4  is  dominated  by  gradient  at 
the  surface  of  the  electrodes  and  the  qualities  of  the 
electrodes  rather  than  the  gas  itself.  One  possibility  is  that 
above  50  MV/m  the  power  in  the  discharges  is  sufficient 
to  cause  damage  to  the  electrodes  rather  than  the  polishing 
action  seen  in  most  RF  conditioning.  Examination  after 
this  run  of  the  TC  electrodes,  initially  prepared  with  1500 
grit  sandpaper  and  cleaned  with  alcohol,  showed  no 
visible  surface  imperfections.  However,  it  may  be 
difficult  to  see  the  difference  between  a  surface  that  holds 
off  55  MV/m  and  one  that  holds  off  50  MV/m.  In  the 
future  we  will  examine  the  detailed  behavior  of  the 
breakdown  above  170  PSIA,  where  the  maximum 
gradient  seemed  to  deteriorate  with  conditioning  time 
rather  than  improve. 


CONCLUSIONS 

This  study  has  extended  the  range  of  possibilities  for 
muon  cooling.  Measurements  have  been  made  of  high- 
gradient  RF  in  dense  gases  near  805MHz,  a  viable 
frequency  for  muon  ionization  cooling.  A  cryogenic 
technique  has  been  used  to  achieve  high  gas  density. 

RF  breakdown  and  stability  levels  for  hydrogen  gas 
have  been  measured  at  the  highest  density  to  date.  The 
maximum  stable  gradients  of  50  MV/m  for  hydrogen  and 
28  MV/m  for  helium  are  high  enough  to  be  very 
interesting  for  cooling  channels  with  these  continuous 
gaseous  absorber  materials. 
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Abstract 

The  MICE  Collaboration  has  designed  an  experiment  in 
which  a  section  of  an  ionization  cooling  channel  is  exposed 
to  a  muon  beam.  This  channel  includes  liquid-hydrogen 
absorbers  providing  energy  loss  and  high-gradient  rf  cav¬ 
ities  to  re-accelerate  the  particles,  all  tightly  packed  in  a 
solenoidal  magnetic  channel.  It  reduces  the  beam  trans¬ 
verse  emittance  by  >10%  for  muon  momenta  between  140 
and  240  MeV/c.  Spectrometers  placed  before  and  after  the 
cooling  section  perform  the  measurements  of  beam  trans¬ 
mission  and  emittance  reduction  with  an  absolute  precision 
of  ±0.1%. 

INTRODUCTION 

A  Neutrino  Factory  based  on  a  muon  storage  ring  is  the 
ultimate  tool  for  studies  of  neutrino  oscillations,  including 
possibly  the  discovery  of  leptonic  CP  violation  [1,  2].  It  is 
also  the  first  step  towards  a  //■*■//“  collider.  Ionization  cool¬ 
ing  of  muons  has  never  been  demonstrated  in  practice  but 
has  been  shown  by  end-to-end  simulation  and  design  stud¬ 
ies  to  be  an  important  factor  for  both  performance  and  cost 
of  a  Neutrino  Factory.  This  motivates  an  international  pro¬ 
gram  of  R&D,  including  an  experimental  demonstration. 
The  aims  of  the  International  Muon  Ionization  Cooling  Ex¬ 
periment  are: 

•  To  show  that  it  is  possible  to  design,  engineer  and 
build  a  section  of  cooling  channel  capable  of  giving 
the  desired  performance  for  a  Neutrino  Factory 

•  To  place  it  in  a  muon  beam  and  measure  its  perfor¬ 
mance  in  various  modes  of  operation  and  beam  condi¬ 
tions,  thereby  investigating  the  limits  and  practicality 
of  cooling 

A  proposal  [3]  has  been  submitted  to  Rutherford  Appleton 
Laboratory  (RAL)  to  mount  the  experiment  at  ISIS. 

EXPERIMENT  LAYOUT 

The  main  components  of  MICE  are  outlined  in  Fig.  1. 
Cooling  is  provided  by  one  lattice  cell  from  the  201  MHz 
cooling  channel  of  “Study-II”  [4]  with  some  components 
modified  for  cost  savings  and  compliance  with  RAL  safety 
requirements.  The  incoming  muon  beam  first  encounters 
diffusers  to  generate  a  large  tuneable  input  emittance.  In 
this  section,  a  precise  time  measurement  and  particle  iden¬ 
tification  are  performed.  Next  comes  an  input  spectrom¬ 
eter  consisting  of  tracking  devices  within  a  uniform-field 
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solenoid  to  measure  the  phase  space  coordinates  of  each 
particle.  This  is  followed  by  the  cooling  section,  with  hy¬ 
drogen  absorbers,  rf  cavities  and  superconducting  coils. 
One  additional  absorber  finishes  the  cooling  section,  both 
for  symmetry  and  to  protect  the  trackers  against  dark  cur¬ 
rents  emitted  by  the  rf  cavities.  The  momentum,  position 
and  angles  of  the  outgoing  particles  are  measured  in  a  sec¬ 
ond  spectrometer,  identical  to  the  first  one.  At  the  down¬ 
stream  end  of  the  experiment,  another  time-of-flight  (TOF) 
measurement  is  performed,  and  particle  identification  by 
means  of  a  Cherenkov  counter  and  a  calorimeter  eliminates 
muons  that  have  decayed  in  the  apparatus.  To  avoid  emit¬ 
tance  growth,  the  magnets  in  these  two  cells  are  matched 
to  the  spectrometer  solenoids  using  two  sets  of  matching 
coils. 

MEASUREMENT  TECHNIQUE 

To  allow  precision  measurement  of  transmission  and 
emittance,  one  muon  at  a  time  will  be  tracked  through 
the  apparatus  and  detected  using  standard  particle-physics 
techniques,  which  are  much  more  precise  than  those  typ¬ 
ically  used  in  beam  instrumentation.  A  “virtual  bunch” 
formed  in  offline  analysis  will  be  used  to  demonstrate  how 
an  actual  bunch  would  have  behaved  had  the  beam  intensity 
been  orders  of  magnitude  higher. 

Momentum  measurement  requires  a  magnetic  spectrom¬ 
eter.  Ease  of  matching  into  and  out  of  the  cooling  section 
and  the  need  to  keep  a  large-emittance  beam  in  a  small 
physical  volume  has  led  to  the  choice  of  solenoid  magnets 
on  each  side  of  the  cooling  channel. 

Each  detector  measures,  at  given  z  positions,  the  coor¬ 
dinates  X  and  y  of  every  incident  particle,  and  the  time. 
Momentum  and  angles  are  reconstructed  by  using  several 
measurement  planes.  For  the  experimental  resolution  not 
to  affect  the  emittance  measurement  significantly,  the  rms 
resolution  of  the  measurements  must  be  better  than  about 
10%  of  the  rms  beam  size  at  the  equilibrium  emittance  in 
each  of  the  six  dimensions.  An  essential  aim  of  MICE  is  to 
measure  the  equilibrium  emittance  precisely.  For  each  inci¬ 
dent  particle  it  will  be  possible  to  determine  whether  it  was 
lost  in  the  channel  or  went  through  successfully.  Therefore, 
losses  can  be  separated  clearly  from  cooling.  Except  for 
possible  collective  effects  such  as  space  charge,  this  tech¬ 
nique  is  equivalent  to  full-beam  measurements,  but  offers 
several  advantages.  Correlations  between  parameters  can 
be  easily  measured.  The  role  of  each  beam  parameter  (en¬ 
ergy,  transverse  momentum,  rf  phase,  etc.)  can  be  studied 
using  selection  cuts  in  the  ensemble  of  tracks  without  mak- 
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Figure  1:  MICE  layout. 


ing  changes  to  the  beam  parameter  settings.  Software  cuts 
based  on  the  incoming  beam  make  it  possible  to  derive  a 
variety  of  results  with  different  input  beam  conditions  from 
a  single  data  set.  Any  desired  input  beam  conditions  can 
be  reconstructed  by  appropriate  weighting  or  culling  of  the 
observed  particles, 

RF  BACKGROUND 

The  layout  described  above  has  one  major  drawback:  the 
detectors  will  be  exposed  to  a  large  dark  current  and  x-ray 
background  generated  by  the  nearby  high-gradient  rf  cav¬ 
ities.  The  understanding  of  this  problem  is  well  underway 
[5].  Several  factors  contribute  to  protect  the  tracking  de¬ 
tectors:  i)  the  rf  cavities  will  be  operated  at  a  moderate 
gradient  of  8.3  MV/m,  due  to  the  limited  availability  of 
rf  power;  ii)  most  dark-current  electrons  are  deflected  by 
the  field  flips  [6];  iii)  the  electrons  must  also  pass  through 
the  liquid-hydrogen  absorbers,  which  are  thick  enough  to 
absorb  them  completely,  letting  through  x-rays  only;  iv) 
the  detectors  are  built  of  low-Z  material  and  are  well  able 
to  distinguish  muon  hits  from  those  generated  by  x-rays. 
Thus,  it  appears  that  the  performance  of  the  detectors  will 
not  be  affected. 

POSSIBLE  EXPERIMENTS  AND 
TIMELINE 

Many  different  cooling  experiments  can  be  performed 
with  the  proposed  apparatus.  First,  beam  momentum  can 
be  varied  since  the  magnets  have  been  designed  to  allow 
exploration  of  momenta  as  high  as  240  MeV/c.  The  Super- 
FOFO  lattice  used  here  has  the  property  that  the  beta  func¬ 
tion  at  the  absorber  can  be  changed  by  adjusting  the  cur¬ 
rents  in  the  focusing  and  coupling  coils.  Different  rf  volt¬ 


ages  and  phases  can  also  be  used.  Another  important  part  of 
the  experimental  program  will  be  testing  various  absorbers. 
It  will  be  straightforward  to  replace  the  liquid  hydrogen 
with  liquid  helium.  The  mechanical  assembly  of  the  liq¬ 
uid  hydrogen  absorbers  will  also  allow  replacement  of  one 
of  the  absorber  windows  by  a  structure  supporting  solid  ab¬ 
sorbers  [7]. 

Since  all  detectors  and  parts  of  the  equipment  will  not 
be  ready  at  the  same  time,  one  can  foresee  a  development 
of  the  experiment  in  time,  to  allow  a  number  of  prepara¬ 
tory  stages.  This  leads  to  the  scenario  presented  in  Fig.  2. 
First  (step  I),  the  beam  can  be  tuned  and  characterized  us¬ 
ing  a  set  of  TOF  and  particle  ID  detectors.  In  step  II,  the 
first  spectrometer  solenoid  allows  a  first  measurement  of 
6D  emittance  with  high  precision  and  comparison  with  the 
beam  simulation.  This  should  allow  a  systematic  study  of 
the  tracker  performance.  In  step  III,  the  two  spectrome¬ 
ters  work  together  without  any  cooling  device  in  between 
which  allows  the  study  of  systematic  errors.  Step  IV,  with 
one  focusing  pair  between  the  two  spectrometers,  should 
provide  experience  with  operating  the  absorber  and  a  pre¬ 
cise  understanding  of  energy  loss  and  multiple  scattering 
in  it.  Several  experiments  with  varying  beta-functions  and 
momenta  can  be  performed  with  observation  of  cooling  in 
normalized  emittance.  Starting  from  step  V,  the  real  goal  of 
MICE,  which  is  to  establish  the  performance  of  a  realistic 
cooling  channel,  will  be  addressed.  Only  with  step  VI  will 
the  full  power  of  the  experiment  be  reached. 

COOLING  CHANNEL 

The  MICE  magnetic  channel  consists  of  seven  mag¬ 
net  assemblies  composed  of  eighteen  superconducting 
solenoid  coils  spread  over  a  length  of  nearly  11.5  m.  The 
baseline  MICE  channel  operates  with  muons  at  an  average 
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Figure  2:  Six  possible  steps  in  the  development  of  MICE 

momentum  p=200  MeV/c  and  /?=42  cm  at  the  center  of  the 
absorber.  Eight  201 -MHz  rf  cavities,  in  two  4-cavity  as¬ 
semblies,  are  needed  in  the  cooling  section.  Due  to  the  (fi¬ 
nancial)  limitation  of  having  only  8  MW  of  rf  power  avail¬ 
able,  the  MICE  cavities  will  operate  at  a  gradient  of  about 
8  MV/m  (compared  with  the  16  MV/m  specification  for 
Study-II).  The  cavity  shape  chosen  is  based  on  a  slightly 
reentrant  rounded  profile  with  a  large  beam  aperture  and 
a  small  nose  cone  [8].  To  achieve  high  shunt  impedance, 
the  beam  aperture  is  terminated  electromagnetically  using 
thin  beryllium  foils  or  thin-walled  A1  tubes.  Hydrogen  was 
chosen  as  the  most  suitable  absorber  material  because  of 
its  large  ionization  energy-loss  rate  (“cooling”)  and  small 
probability  of  multiple  scattering  (“heating”). 

DETECTORS 

The  driving  design  criteria  for  the  MICE  detector  sys¬ 
tems  are  robustness,  in  particular  of  tracking  detectors, 
to  potentially  severe  background  conditions  in  the  vicin¬ 
ity  of  rf  cavities  and  redundancy  in  particle  identification 
(PID)  to  keep  contamination  below  1%.  Three  TOF  sta¬ 
tions  equipped  with  fast  scintillators  are  foreseen.  The  first 
two,  upstream  of  the  cooling  section  and  separated  by  about 
10  m,  will  provide  the  basic  trigger  for  the  experiment,  in 
coincidence  with  the  ISIS  clock.  These  have  precise  timing 
(around  70  ps)  and  will  provide  muon  identification  as  well 
as  the  muon  timing  (relative  to  the  rf  phase)  necessary  for 
the  measurement  of  the  input  longitudinal  emittance.  The 
coincidence  with  a  third  station  of  similar  nature,  down¬ 
stream  of  the  second  measuring  station,  will  select  particles 
traversing  the  entire  cooling  section.  The  baseline  design 
for  the  tracking  detectors  is  five  sets  of  scintillating  fiber 
planes  per  spectrometer,  deployed  in  three  stereo  views, 
with  the  fibers  individually  read  out  using  cryogenic  VLPC 
photodetectors.  An  alternative  design  is  also  under  investi¬ 
gation  in  which  each  spectrometer  contains  a  time  projec¬ 
tion  chamber  with  triple-GEM  readout  (TPG).  Additional 
detectors  will  provide  redundant  particle  identification  to 
eliminate  from  the  sample  any  residual  pions  in  the  incom¬ 
ing  beam  or  muons  that  decay  within  the  apparatus.  These 
include  time-of-flight  scintillation  counters,  Cherenkov  de¬ 


tectors  and  a  calorimeter.  While  these  are  standard  ingredi¬ 
ents  for  particle-physics  experiments,  measuring  an  emit¬ 
tance  ratio  with  0.1%  precision  has  never  been  done  and 
will  require  careful  design  of  diagnostics  and  attention  to 
system  integration  and  calibration. 

STATUS 

The  MICE  Collaboration  has  brought  together  141 
physicists  and  engineers  from  the  world’s  accelerator  and 
particle  physics  communities  to  tackle  the  technical  chal¬ 
lenges  of  ionization  cooling.  Together,  they  have  designed 
an  experiment  to  demonstrate  the  feasibility  of  muon  cool¬ 
ing  and,  with  enthusiastic  support  from  the  UK  particle 
physics  community,  shown  that  it  can  be  carried  out  at 
Rutherford  Appleton  Laboratory.  By  measuring  the  pa¬ 
rameters  of  each  muon  individually,  MICE  will  measure 
the  transverse  emittance  in  each  transverse  plane  with  an 
absolute  precision  of  0.1%.  The  proposed  cooling  section 
will  be  operable  with  a  variety  of  optical  settings  and  ab¬ 
sorber  materials,  allowing  the  cooling  performance  to  be 
mapped  out  for  a  range  of  cooling-channel  parameters  and 
beam  momenta  and  compared  with  the  predictions  of  de¬ 
tailed  simulations.  By  demonstrating  that  the  technology 
of  muon  ionization  cooling  is  not  only  technically  feasi¬ 
ble,  but  that  its  cost  and  performance  are  well  understood, 
MICE  will  pave  the  way  for  the  start  of  a  Neutrino  Fac¬ 
tory  construction  project  and  will  point  the  way  to  muon 
colliders  in  the  longer  term.  The  proposed  schedule  for  the 
commissioning  and  operation  of  MICE  will  establish  the 
technical  feasibility  of  muon  ionization  cooling  by  2007; 
we  are  seeking  funding  from  agencies  around  the  world  to 
realize  this  schedule. 
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Abstract 

The  MuCool  Collaboration  is  engaged  in  a  program  of 
research  and  development  on  hardware  for  ionization 
cooling  of  a  muon  beam.  The  aim  of  MuCool  is  to 
develop  the  key  pieces,  including  high-gradient  normal¬ 
conducting  RF  cavities  and  high-power  liquid-hydrogen 
energy  absorbers.  This  effort  will  lead  to  a  more  detailed 
understanding  of  the  construction  and  operating  costs  of 
such  hardware,  as  well  as  to  optimized  designs  that  can  be 
used  to  build  a  Neutrino  Factory  or  Muon  Collider.  This 
work  is  being  undertaken  by  a  broad  collaboration 
including  accelerator  and  particle  physicists  and  engineers 
from  many  national  laboratories  and  universities  in  the 
U.S.  and  abroad.  The  intended  schedule  of  work  will  lead 
to  ionization  cooling  being  well  enough  established  that  a 
construction  decision  for  a  Neutrino  Factory  could  be 
taken  before  the  end  of  this  decade  based  on  solid 
technical  foundations. 

INTRODUCTION 

The  concept  of  a  muon  collider  has  been  given  serious 
consideration  in  recent  years  to  extend  the  energy  reach  of 
particle  physics  machines.  The  larger  muon  mass, 
compared  to  electrons,  suppresses  bremstrahlung  and 
synchrotron  radiation,  resulting  in  high-resolution  mass 
and  energy  measurement.  The  challenges  of  muons  are 
their  short  lifetime  (^10“^  s)  and  their  production  into  a 
diffuse  phase  space  from  pions.  The  phase  space  can  be 
reduced  via  ionization  cooling  sufficiently  within  the 
muon  lifetime  to  store  a  muon  beam. 

Cooling  is  based  on  the  principle  that  the  density  of  a 
beam  can  be  increased  only  by  non-conservative 
interactions  such  as  ionization  energy  loss,  as  phase  space 
is  otherwise  conserved  by  Liouville’s  Theorem.  The 
evolution  of  transverse  beam  emittance  Sn  within  matter  is 
given  by  [1]: 

ds„  _  \  dE^e„  ^  \  (0.014)^ 

ds  0^  ds  0  2E^m0,  ’ 

where  s  is  path  length,  E^  is  beam  energy  in  GeV,  0=  v/c, 
Lji  is  the  radiation  length  of  the  absorber  material  and 
0  is  the  betatron  function  describing  the  focusing 
strength  of  the  lattice.  The  two  terms  of  Eq.  1  reflect  the 
competition  between  multiple  scattering  of  the  muons 
within  the  absorber  (a  heating  effect)  and  the  ionization 
loss.  The  second,  “heating”  term  is  minimized  when 
absorbers  are  placed  in  a  strong  focusing  field  (low  0) 
*macc@fiia!.gov 


and  consist  of  material  of  low  atomic  number  (high  Lr), 
the  optimal  choice  being  hydrogen. 

IONIZATION  COOLING  CHANNELS 

In  an  ionization-cooling  channel,  the  dE/dx  ionization 
loss  of  the  muons  in  the  medium  decreases  all  three  of 
their  momentum  components  without  changing  the  size  of 
the  beam.  The  longitudinal  momentum  of  the  beam  is 
then  restored  through  RF  cavities  placed  between  the 
absorbers.  These  have  to  achieve  sufficient  accelerating 
gradients  so  that  the  muons  go  through  the  cooling 
channel  before  a  significant  fraction  of  them  decay.  It  is 
also  desired  that  the  maximum  acceleration  of  the  cavities 
exceed  that  required  to  restore  the  longitudinal 
momentum  to  allow  “off-crest”  operation;  this  results  in 
continuous  rebunching  so  that  even  with  large  momentum 
spreads  the  beam  can  remain  captured  in  the  RF  bucket. 
The  cooling  effect  can  be  rotated  between  transverse  and 
longitudinal  phase  space  by  inserting  wedge-shaped 
absorbers  into  dispersive  regions  of  the  cooling  channel 
lattice  (“emittance  exchange”);  longitudinal  ionization 
cooling  as  such  is  impractical  due  to  energy  loss 
straggling. 

COOLING  CHANNEL  R&D 

An  effective  ionization  cooling  channel  will  require  low- 
Z  absorbers  with  sufficient  cooling  capacity  to  handle 
heat  loads  on  the  order  of  hundreds  of  watts.  These 
absorbers  need  to  be  placed  in  low  beta  regions,  requiring 
high  magnetic  fields  or  large  field  gradients,  with 
sufficient  accelerating  gradient  to  achieve  cooling  in  the 
shortest  practical  distance.  The  MuCool  Collaboration  is 
engaged  in  R&D  on  all  three  technology  fronts. 


Figure  1 :  Photogrammetiy  setup  for  window  tests.. 
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Figure  2:  Successive  photogranimetry  measurements  for  a  >vindow  pressure  test  to  bursting  (the  far  right-hand 
picture).  Hundreds  of  points  can  be  measured  without  coming  into  contact  with  delicate  window  surfaces. 


High-Power  Hydrogen  Absorbers 

The  development  of  high-power  liquid-hydrogen  (LH2) 
absorbers  has  been  a  critical  goal  in  the  MuCool  program. 
The  driving  issues  are  to  minimize  the  multiple  scattering 
(beam  heating)  and  to  handle  large  heat  loads  while 
maintaining  uniform  temperature,  and  hence  density, 
within  the  absorber  volume.  To  handle  the  former 
requirement,  we  haye  developed  new  shapes  for  the  ends 
of  the  hydrogen  flasks  that  allow  for  significant 
reductions  in  their  thickness  (particularly  near  the  center 
where  the  beam  intensity  is  maximum)  [2].  We  have 
successfully  fabricated  tapered,  curved  windows  out  of 
disks  of  an  aluminum  alloy  (6061-T6)  using  a 
numerically  controlled  lathe.  We  also  devised  novel 
means  to  test  these  non-standard  windows  and 
demonstrate  that  they  meet  design  specifications  and 
satisfy  applicable  safety  requirements.  By  optimizing  the 
maximum  stress  as  a  function  of  volume  pressure,  one  of 
our  designs,  the  inflected  “thinned  bellows”  window,  was 
able  to  achieve  a  minimum  central  thickness  one  fourth 
that  of  the  ASME-standard  “torispherical”  window  of 
equivalent  strength  and  diameter  [2]. 

We  developed  photogrammetric  techniques  to  measure 
the  shape  of  the  windows  and  their  performance  in 
pressure  tests.  The  advantages  of  photogrammetry  are  the 
non-contact  nature  of  the  measurement  (projected  points 
of  light,  with  parallax  calculations  to  determine  the  space 
points  within  a  calibrated  coordinate  system),  and  that 
-1000  points  could  be  measured  simultaneously.  This 
represents  almost  2  orders  of  magnitude  improvement 
over  CMM  measurements  (about  30  discrete  points)  for 
shape  measurement  and  strain  gages  (about  16 
measurements)  for  the  pressure  tests  [2]. 

We  have  completed  manufacture  and  pressure  tests  of 
the  first  series  of  non-standard  window,  the  “tapered 
torispherical”  design,  establishing  testing  and  certification 
procedures,  including  finite  element  analysis  (FEA) 
predictions  for  window  performance  [2].  Fabrication  of 
the  next  series  non-standard  window  type,  of  the  “thinned 
bellows”  design,  is  now  underway,  including  windows  for 
the  vacuum  vessels  sxirrounding  the  absorber  (mandated 
by  the  Fermilab  safety  code).  We  will  be  considering  the 
use  of  lithium-aluminum  alloys,  such  as  the  2195  alloy 
used  in  the  Space  Shuttle;  the  resulting  thinness  could 


challenge  the  current  fabrication  technique,  and  any  new 
alloy  will  have  to  be  certified  for  machinability  and  high- 
radiation  application. 

The  power  to  be  dissipated  in  these  absorbers  in  the 
cooling  channel  designs  considered  so  far  is  within  the 
limits  of  what  has  been  achieved  in  LH2  targets  developed 
for  and  operating  within  the  high-power  environments  of 
current  experiments.  However,  the  highly  turbulent  fluid 
dynamics  involved  in  the  heat-exchange  process 
necessitates  R&D  for  each  new  configuration.  We  are 
pursuing  two  approaches  to  heat  extraction:  a 
conventional  flow-through  design  with  an  external  heat 
exchanger,  similar  to  that  used  for  high-powered  LH2 
targets,  and  a  convection-cooled  design  with  an  internal 
heat  exchanger  built  into  the  absorber  vessel.  The 
convection  design  has  desirable  mechanical  simplicity 
and  minimizes  the  total  hydrogen  volume  in  the  cooling 
channel  (a  significant  safety  concern),  but  is  expected  to 
be  limited  in  the  amount  of  power  it  can  handle  compared 
to  the  flow-through  design.  To  study  and  optimize  the 
fluid  mixing  and  heat  transfer  properties  of  these  designs, 
we  have  been  exploring  ways  to  visualize  the  flow 
patterns  and  temperature  distributions  within  the  fluid  [3]. 

High-Gradient  Normal-Conducting  RF  Cavities 

An  ionization-cooling  channel  requires  insertion  of 
high-gradient  RF  cavities  into  a  lattice  employing  strong 
solenoidal  magnetic  fields.  This  precludes  using 
superconducting  cavities.  The  cooling  channels  under 
consideration  will  use  normal-conducting  201 -MHz 
cavities,  but  the  R&D  is  more  readily  carried  out  with 
smaller,  higher-frequency  devices. 

Radio-frequency  cavities  normally  contain  a  minimum 
of  material  in  the  path  of  the  beam.  However,  the 
penetrating  nature  of  muons  allows  the  use  of  closed-cell 
(“pillbox”)  cavities,  provided  that  the  cell  closures  are 
constructed  with  thin  material  of  long  radiation  length. 
Eq.  1  implies  that  this  material  will  have  little  effect  on 
cooling  performance  as  long  as  its  thickness  L  per  cooling 
cell  (at  the  A  of  its  location  in  the  lattice)  has  L/Lr 
small  compared  to  that  of  the  absorber.  Closing  the  RF 
cells  approximately  doubles  the  on-axis  accelerating 
gradient  for  a  given  maximum  surface  electric  field, 
allowing  operation  with  less  power  and  less  “dark 
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current”  emission.  Two  alternatives  have  been  considered 
for  the  design  of  the  cell  closures:  thin  beryllium  foils  and 
grids  of  gas-cooled,  thin-walled  aluminum  tubing. 

The  tests  of  a  6-cell  open  cavity,  designed  at  Fermilab, 
and  a  closed,  single-cell  cavity,  designed  at  LBNL,  both  at 
805  MHz,  are  being  carried  out  in  Fermilab ’s  Laboratory 
G.  The  dedicated  test  area  includes  a  high-power  805- 
MHz  klystron  transmitter  (12-MW  peak  pulsed  power 
with  pulse  length  of  50  //s  and  a  repetition  rate  of  15Hz), 
an  x-ray-shielded  cave,  remote-readout  test  probes, 
safety-interlock  systems,  and  a  control  room  and 
workshop  area  for  setup  of  experiments  [4].  The  cave  also 
contains  a  high-vacuum  pumping  system  and  water 
cooling  for  the  cavity.  To  allow  tests  of  the  cooling- 
channel  RF  cavities  and  absorbers  in  a  high  magnetic 
field  or  high  field  gradient,  a  superconducting  5  Tesla 
solenoid  with  a  room-temperature  bore  of  44  cm  was 
constructed  by  LBNL  and  installed  in  the  Lab  G  cave, 
with  two  separate  coils  that  can  be  run  in  “solenoid” 
mode  (currents  flowing  in  the  same  direction)  or 
“gradient”  mode  (currents  flowing  in  opposite  directions). 

A  primary  challenge  in  high-gradient  RF  cavity 
development  is  the  suppression  of  dark  currents  (electrons 
emitted  from  the  cavity  surface  via  quantum  tunnelling  as 
described  by  the  Fowler-Nordheim  formalism)  and  their 
associated  x  rays.  Our  tests  show  that  exposed  copper 
surfaces  appear  to  be  problematic  at  high  field  [5].  A 
variety  of  window  and  cavity  surface  preparations  and 
coatings  remain  to  be  explored,  including  TiN-coated 
copper  at  the  locations  of  maximum  surface  field. 
Alternatives  to  flat,  pre-stressed  foils  are  receiving 
attention,  and  we  expect  to  prototype  and  test  several 
solutions  at  805  MHz;  the  805  MHz  pillbox-cavity 
prototype  was  designed  with  just  this  type  of  test  program 
in  mind.  Design  studies  indicate  that  both  pre-curved  Be 
foils  and  grids  of  gas-cooled,  thin-walled  A1  tubes  should 
be  feasible  and  may  be  cheaper  and  induce  less  scattering 
than  flat  foils. 

The  design  of  the  201  MHz  closed-cell  cavity  for  muon 
cooling  is  complete  [6].  We  intend  to  build  a  first 
prototype  in  the  next  year. 

MuCool  Test  Area  at  Fermilab 

In  order  to  rigorously  test  the  heat  capability  and 
radiation  hardness  of  our  cooling  channel  components,  we 
are  building  a  MuCool  Test  Area  (MTA)  off  the  end  of  the 
Fermilab  Linac.  This  location  combines  the  availability  of 
multi-megawatt  RF  power  at  both  805  and  201  MHz,  and 
a  400  MeV  proton  beam  at  high  intensity.  Cryogenic 
facilities  are  being  constructed  for  LH2  absorber  and 


superconducting  magnet  operation.  The  underground 
enclosure  will  provide  the  needed  radiation  shielding  for  a 
high-power  beam  test  of  a  single  prototype  cooling  cell. 
We  anticipate  the  first  stand-alone  LH2  absorber  test 
towards  the  end  of  2003,  and  tests  for  the  201-MHz  cavity 
when  it  becomes  available.  Beam  tests  will  happen  within 
the  next  three  years,  to  explore  the  possible  effects  on 
cavity  breakdown  and  absorber  power-handling.  This  is 
only  a  high-power  engineering  test,  and  not  a  cooling 
demonstration.  A  complementary  cooling  experiment 
(MICE)  has  been  approved  and  will  operate  at  Rutherford 
Appleton  Laboratory  in  England  [7]. 


Figure  3.  Cooling  channel  design:  Absorbers  between 
201  MHz  RF  cavities,  surrounded  by  high-field 
solenoidal  coils. 
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Abstract 

For  frequencies  below  10  MHz  the  classical  two  wire 
transmission  line  method  is  subject  to  difficulties  in  sensi¬ 
tivity  and  measurement  uncertainties.  Thus  for  evaluation 
of  the  low  frequency  transverse  impedance  properties  of 
the  LHC  dump  kicker  a  modified  version  of  the  two  wire 
transmission  line  has  been  used.  It  consists,  in  the  present 
case,  of  a  10  turn  loop  of  approximately  1  meter  length  and 
2  cm  width.  The  change  of  input  impedance  of  the  loop 
is  measured  as  a  function  of  the  surroundings  and  by  us¬ 
ing  a  proper  reference  (metallic  beam  pipe)  these  changes 
are  converted  into  a  meaningful  transverse  beam  coupling 
impedance.  Measurements  of  several  calibration  objects 
have  shown  close  agreement  with  theoretical  results. 

INTRODUCTION 

A  beam  that  oscillates  from  side  to  side  with  amplitude 
±  A  induces  differential  currents  and  charges  on  the  walls 
of  the  vacuum  chamber.  These  in  turn  produce  a  trans¬ 
verse  magnetic  field  and  an  electric  field  which  further  de¬ 
flects  the  beam.  The  threshold  for  beam  instability  and  the 
growth  rates  depends  on  the  so  called  transverse  coupling 
impedance  Zt- 

Transverse  impedances  are  well  known  in  literature  and 
they  can  be  theoretically  calculated  for  a  number  of  partic¬ 
ularly  simple  structures  or  in  general,  they  are  numerically 
computed  with  codes.  In  this  paper  we  are  interested  on 
bench  measurements  techniques,  in  particular  at  low  fre¬ 
quencies  (below  few  kHz).  At  those  frequencies  a  better 
sensitivity  can  be  obtained  by  using  a  loop  [1],  instead  of 
the  classical  two  wire  technique  [2]. 

The  interest  for  very  low  frequencies  is  directly  related 
to  the  low  transverse  oscillation  frequencies  of  future  large 
machines  (like  LHC).  To  validate  the  bench  measurement 
technique,  measurements  were  carried  out  on  a  stainless 
steel  pipe  (with  conductivity  g  =1.3  10®  S/m)  for  which 
theoretical  results  are  available.  The  radius  of  the  pipe  is 
h  =50  mm,  its  wall  thickness  is  t  =1.5  mm  and  its  length 
is  L  =50  cm.  This  paper  reports  those  preliminary  mea¬ 
surements  and  asseses  a  measurement  recipe  to  be  applied 
later  to  the  more  complex  geometries  of  LHC  devices. 

TRANSVERSE  IMPEDANCE  BENCH 
MEASUREMENTS 

Being  I  the  beam  current,  the  source  of  the  differential 
wall  current  is  the  dipole  JA  per  unit  length  of  the  beam. 


The  same  wall  currents  and  magnetic  (deflecting)  field  re¬ 
sult  if  the  beam  is  replaced  by  two  parallel  wires  or  more 
simply  by  a  loop  of  length  L,  width  A  and  current  I.  The 
magnetic  field  induces  a  voltage  in  the  loop  which  increases 
its  impedance  (the  current  I  is  constant).  This  additional 
impedance  is  simply  the  variation  of  the  loop  impedance 
when  inserted  in  the  Device  Under  Test  (DUT)  with  respect 
to  the  loop  impedance.  Assuming  that  the  loop  is  coiled  N 
times,  the  transverse  coupling  impedance  can  be  obtained 
from 


7V2A2 


(1) 


where  is  the  (measured)  impedance  of  the  loop 

when  inserted  in  the  DUT  and  is  the  (measured) 
impedance  of  the  loop  far  away  from  any  perturbing  ob¬ 
ject  (i.e.  in  free  space). 

In  general,  when  measuring  a  very  small  impedance  (as 
pointed  out  in  [1]),  one  should  also  subtract  the  radiation 
resistance  from  the  loop  measurements  in  free  space.  This 
is  appreciable  unless  the  loop  is  very  short  compared  with 
the  wavelength.  Alternatively  one  could  place  the  loop  in  a 
circular  perfectly  conducting  pipe  (a  copper  or  brass  one  is 
enough),  for  which  the  added  impedance  is  easy  to  calcu¬ 
late. 


MEASUREMENT  SET-UP 

The  coil  used  in  the  measurement  was  =1.25  m  long 
and  A  =22.5  mm  wide.  To  reduce  the  signal  to  noise  ra¬ 
tio  (particularly  important  in  our  case  since  the  measured 
signals  are  very  small),  the  loop  was  coiled  AT  =10  times. 
In  this  way,  one  can  increase  the  useful  signal  with  a  factor 
with  a  drawback  of  lowering  the  frequency  of  loop  self 
resonances:  the  chosen  number  of  turns  is  a  compromise  to 
keep  the  lowest  self  resonance  above  1  MHz. 

The  loop  input  impedance  (much  lower  than  50  Ohm) 
was  measured  with  an  Agilent  Vector  Network  Analyser 
(VNA4395A)  using  two  different  S-parameters  test  sets, 
according  to  the  two  different  frequency  ranges  of  the  mea¬ 
surement.  In  the  higher  frequency  range  (10  kHz-1  MHz), 
a  standard  transformer  type  directional  coupler  (provided 
with  the  instrument  as  an  impedance  measurement  test  set) 
could  be  safely  used.  For  lower  frequencies  (100  Hz- 
10  kHz),  a  resistive  coupling  network  has  been  used:  the 
RF  output  signal  from  the  instrument  is  split  and  partly 
used  for  reference  (the  A  signal  in  Fig.  1)  and  partly  di¬ 
rected  to  the  measurement  coil  (the  DUT  in  Fig.  1).  The 
reflected  signal  (B)  is  then  measured  and  a  20  db  attenuator 
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(corresponding  to  dashed  white  line  in  Fig.  1)  prevents  the 
signal  from  the  DUT  from  affecting  the  reference. 


Figure  1 :  Set  up  for  the  low  frequency  measurements. 


CIRCULAR  STEEL  TUBE 

The  transverse  impedance  of  a  circular  pipe  is  well 
known  and  closed  formulae  are  available,  at  least  in  the 
most  significant  limits.  In  the  following  we  report  the  ones 
used  to  compare  to  the  experimental  data. 

Being  6  =  the  skin  depth,  L  the  length  of  the 

structure  (which  in  our  case  is  L  =50  cm),  the  transverse 
impedance  for  a  circular  beam  pipe  is  for  the  “thick  wall” 
case  (see  for  example  [3]) 

Zt  1  +  7  C 

TT  uiam 

where  c  is  the  speed  of  light.  For  wall  thickness  smaller 
than  the  skin  depth,  a  better  approximation  for  the  real 
transverse  impedance  can  be  obtained  by  using  the  wall 
thickness  t  instead  of  (5  in  Eq.  (2);  anyway  both  formulae 
are  not  suited  for  very  low  frequencies  where  they  diverge. 

At  low  frequencies  such  that  the  skin  depth  is  greater 
than  the  wall  thickness,  the  interaction  between  the  loop 
and  a  cylindrical  resistive  pipe  can  be  described  with 
an  equivalent  circuit  model  and  the  resulting  transverse 
impedance  is 

—  -  ^  ^  _  2 

L  ~  Tr/ifeaf 

(3) 

which  is  a  corrected  version  of  the  result  in  Ref.  [1]. 

An  interesting  derivation  of  the  transverse  impedance  of 
a  circular  pipe  with  arbitrary  surface  impedance  has  been 
recently  published  in  [4]. 

A  field  matching  approach  has  been  proposed  to  describe 
the  impedance  of  a  vacuum  chamber  with  wall  thickness 
smaller  than  the  skin  depth,  in  the  framework  of  the  VLHC 
studies.  The  results  for  a  circular  beam  pipe  are  reported  in 
Ref.  [5]  and  the  interested  reader  can  find  the  closed  ana¬ 
lytical  formulae  in  Ref.  [6]. 


The  measurement  results  on  the  steel  pipe  are  compared 
to  the  theoretical  expectation  in  Fig.  2.  The  thick  wall  for¬ 
mula  (^  C  t)  of  Eq.  (2)  is  a  reasonable  approximation  only 
above  85  kHz  (light  blue  line);  a  good  agreement  over  the 
whole  range  is  achieved  with  an  analytical  model  (brown 
line)  and  with  the  field  matching  of  Ref.  [6]  (green  di¬ 
amonds).  At  low  frequencies  also  the  equivalent  circuit 
model  of  Eq.  (3)  gives  reasonable  results  (red  line).  In  con¬ 
clusion  all  the  theoretical  expectations  for  the  real  trans¬ 
verse  impedance  agree  in  their  different  validity  ranges  and 
the  measurement  (dark  blue  line)  is  coherent  with  them. 

100  E - r-T - - - rn  . . >■- . . 


1.E+02  1.E+03  1.E+04  1.E+05  1.E+06 

Frequency  (Hz) 


Figure  2:  Transverse  impedance  per  unit  length  (real  part) 
of  a  steel  circular  pipe. 


On  the  contrary  for  the  imaginary  part,  the  theoretical  ex¬ 
pectation  are  all  in  agreement,  but  they  substantially  differ 
from  the  measured  values.  In  particular  the  measurements 
give  a  negative  the  immaginaiy  part,  while  the  theories  pre¬ 
dicts  positive  values.  The  results  are  shown  in  Fig.  3,  with 
the  same  notation  of  Fig.  2. 


Figure  3:  Transverse  impedance  per  unit  length  (imaginary 
part,  absolute  value)  of  a  steel  circular  pipe. 


REFERENCE  MEASUREMENT  ON  A 
BRASS  PIPE 

From  the  measurement  shown  above  there  is  a  clear 
contradiction  between  the  expected  imaginary  transverse 
impedance  (which  saturates  for  very  low  frequencies)  and 
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the  measured  one  (which  vanishes  at  low  frequencies). 
This  controversy  is  important  to  solve  since  a  consistent 
measurement  recipe  is  needed  for  transverse  impedance 
measurements  on  real  LHC  devices.  For  the  moment 
the  transverse  impedance  is  obtained  from  the  added  loop 
impedance  on  the  coil  in  the  the  DUT  compared  to  a  refer¬ 
ence  (lossless)  case,  i.e.  the  free  space. 

The  inductance  of  two  wires  (at  a  distance  A)  is  different 
if  they  are  placed  in  the  free  space  or  inside  a  cylindrical 
conductor  of  radius  b.  The  difference  between  the  induc¬ 
tances  in  the  two  cases  is  independent  from  the  conductor 
properties  (in  particular  from  its  conductivity)  and  it  is  pro¬ 
portional  to  (A/ 6)^.  Therefore  one  can  show  [1,  4]  that, 
according  to  Eq.  (1),  the  (imaginary)  transverse  impedance 
of  a  perfectly  conducting  pipe  (of  radius  b)  is  different 
from  zero  and  equal  to  the  ’’magnetic  image  transverse 
impedance”  [4] 


yp-c.  _ 

Zjrp  -  ' 


.  ^0 
^  2'Kb^  ‘ 


(4) 


For  the  brass  pipe  used  in  measurement  (of  the  same  ge¬ 
ometry  of  the  steel  pipe,  i.e.  b  =50  mm),  one  gets  Zl^^’  = 
—^‘24  kn.  The  measurements  shown  in  Fig.  4  agree  (within 
the  measurement  uncertainties)  with  that  prediction:  the 
real  part  is  mostly  zero  while  the  imaginary  part  is  about 
-23  kn  in  the  plateau.  The  low  frequency  deviations  are 
due  the  measurement  difficulties  while  at  high  frequency 
(above  200  kHz)  the  effect  of  the  loop  self  resonance  be¬ 
comes  not  negligible. 


the  imaginary  part  saturates  for  low  frequencies  (as  one 
should  expect  from  theory).  Figure  5  shows  the  measure¬ 
ment  results,  with  the  same  notation  of  Fig.  2. 


1.E+02  1.E+03  1.E+04  1.E+05  1.E+06 

Frequency  (Hz) 


Figure  5:  Transverse  impedance  per  unit  length  (imaginary 
part)  of  a  steel  circular  pipe  after  comparison  with  a  brass 
tube. 


CONCLUSIONS 

A  practical  method  to  evaluate  the  transverse  impedance 
of  accelerator  components  at  low  frequencies  has  been  re¬ 
ported.  A  modification  of  the  classical  two  wire  method 
which  is  running  into  sensitivity  problems  below  a  few 
MHz  has  been  successfully  tested  and  compared  with  the¬ 
oretical  expectations.  This  modified  method,  which  uses 
essentially  a  loop  with  a  certain  number  of  turns,  is  bet¬ 
ter  matched  to  the  transverse  impedance  to  be  evaluated  (at 
least  in  some  practical  cases  of  interest  for  LHC)  than  the 
normal  two  wire  technique.  Also  it  can  be  used  from  a  few 
Hz  onwards  while  the  upper  operational  frequency  is  lim¬ 
ited  to  the  first  loop  resonance.  To  asses  the  validity  of  the 
method,  measurements  on  a  lossy  circular  beam  pipe  have 
been  checked  against  theoretical  results. 
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Figure  4:  Transverse  impedance  per  unit  length  of  a  brass 
circular  pipe,  according  to  Eq.  (1). 


In  conclusion,  to  properly  measure  the  transverse 
impedance,  one  should  compute  the  added  loop  impedance 
with  respect  to  the  perfectly  conducting  pipe,  i.e. 


Zt  = 


“  7V2A2 


(5) 


must  be  used  instead  of  Eq.  (1).  is  the  impedance  of 
the  loop  inside  a  perfectly  conducting  pipe  with  the  same 
geometry  of  the  DUT. 

By  applying  Eq.  (5)  to  the  steel  cylindrical  pipe,  the  real 
transverse  impedance  is  not  substantially  modified,  while 
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A  VERY  FAST  RAMPING  MUON  SYNCHROTRON 
FOR  A  NEUTRINO  FACTORY 
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Abstract 

A  4600  Hz  fast  ramping  synchrotron  is  studied  as  an  eco¬ 
nomical  way  of  accelerating  muons  from  4  to  20  GeV/c  for 
a  neutrino  factory.  Eddy  current  losses  are  minimized  by 
the  low  machine  duty  cycle  plus  thin  grain  oriented  silicon 
steel  laminations  and  thin  copper  wires.  Combined  func¬ 
tion  magnets  with  high  gradients  alternating  within  single 
magnets  form  the  lattice.  Muon  survival  is  83%. 

Historically  synchrotrons  have  provided  economical  par¬ 
ticle  acceleration.  Here  we  explore  a  very  fast  ramping 
muon  synchrotron  [1]  for  a  neutrino  factory  [2].  The  accel¬ 
erated  muons  are  stored  in  a  racetrack  to  produce  neutrino 
beams  (/i~  e~  Ve  or  i/g  Neutrino 

oscillations  [3]  have  been  observed  at  experiments  [4]  such 
as  Homestake,  Super-Kamiokande,  SNO,  and  KamLAND. 
Further  exploration  using  a  neutrino  factory  could  reveal 
CP  violation  in  the  lepton  sector. 

This  synchrotron  must  accelerate  muons  from  4  to  20 
GeV/c  with  moderate  decay  loss  (r^±  =  2.2  Because 
synchrotron  radiation  goes  as  muons  radiate  two  bil¬ 
lion  times  ( (105, 7/. 511)'^)  less  power  than  electrons  for 
a  given  ring  diameter  and  lepton  energy.  Grain  oriented 
silicon  steel  (3%  Si)  is  used  to  provide  a  high  magnetic 
field  with  a  high  /x  to  minimize  magnetic  energy  (5^/2//) 
stored  in  the  yoke.  Magnetic  energy  stored  in  the  gap  is 
minimized  by  reducing  its  size.  Cool  muons  [5]  with  low 
beam  emittance  allow  this.  The  voltage  needed  to  drive  a 
magnet  is  — L  di/ dt  Voltage  is  minimized  by  shrinking  the 
volume  of  stored  energy  to  reduce  the  inductance,  L. 

Acceleration  to  4  GeV/c  might  feature  fixed  field  dog- 
bone  arcs  [6]  to  minimize  muon  decay  loss.  Fast  ramp¬ 
ing  synchrotrons  [6, 7]  might  also  accelerate  cold  muons  to 
higher  energies  for  a  /x“  collider  [8]. 

We  form  arcs  with  sequences  of  combined  function  cells 
within  continuous  long  magnets,  whose  poles  are  alter¬ 
nately  shaped  to  give  focusing  gradients  of  each  sign,  A 
cell  has  been  simulated  using  SYNCH  [9].  Gradients  alter¬ 
nate  from  positive  20  T/m  gradient  (2.24  m  long),  to  zero 
gradient  (.4  m  long)  to  negative  20  T/m  gradient  (2.24  m) 
to  zero  gradient  (0.4  m),  etc.  Details  are  given  in  Table  1. 

It  is  proposed  to  use  5  such  arc  cells  to  form  an  arc  seg¬ 
ment.  These  segments  are  alternated  with  straight  sections 
containing  RF.  The  phase  advance  through  one  arc  segment 
is  5  X  72°  =  360°.  This  being  so,  dispersion  suppression  be¬ 
tween  straights  and  arcs  can  be  omitted.  With  no  dispersion 
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Table  1:  Combined  function  magnet  cell  parameters.  Five 
cells  make  up  an  arc  and  18  arcs  form  the  ring. 


Cell  length 

m 

5.28 

Combined  Dipole  length 

m 

2.24 

Combined  Dipole  Bcentrai 

Tesla 

0,9 

Combined  Dipole  Gradient 

T/m 

20.2 

Pure  Dipole  Length 

m 

0.4 

Pure  Dipole  B 

Tesla 

1.8 

Momentum 

GeV/c 

20 

Phase  advance/cell 

deg 

72 

beta  max 

m 

8.1 

Dispersion  max 

m 

0.392 

Normalized  Trans.  Acceptance 

TT  mmrad 

4 

in  the  straight  sections,  the  dispersion  performs  one  full  os¬ 
cillation  in  each  arc  segment,  returning  to  zero  for  the  next 
straight  as  shown  in  Fig.  1.  There  will  be  18  such  arc  seg¬ 
ments  and  18  straight  sections,  forming  18  superperiods  in 
the  ling.  Straight  sections  (22  m)  without  dispersion  are 
used  for  superconducting  RF,  and,  in  two  longer  straights 
(44  m),  the  injection  and  extraction.  To  assure  sufficiently 
low  magnetic  fields  at  the  cavities,  relatively  long  field  free 
regions  are  desirable.  A  straight  consisting  of  two  half  cells 
would  allow  a  central  gap  of  10  m  between  quadrupoles, 
and  two  smaller  gaps  at  the  ends.  Details  are  given  in  Table 
2.  Matching  between  the  arcs  and  straights  is  not  yet  de¬ 
signed.  The  total  circumference  of  the  ring  including  com¬ 
bined  functions  magnets  and  straight  sections  adds  up  to 
917  m  (18  X  26.5  -f  16  x  22  -h  2  x  44). 


Quadrupoles 


Figure  1:  Combined  function  magnets  bend  the  muons  in 
the  arcs.  Superconducting  RF  cavities  accelerate  muons  in 
the  straight  sections.  Two  quadrupoles  per  straight  section 
provide  focusing.  The  straight  sections  are  dispersion  free. 
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Table  2:  Straight  section  lattice  parameters. 


Lcell/2 

Lquad 

dB/dx 

77  0 

11m 

1  m 

7.54  T/m 

Pmax 

^^max 

Bpole 

Umag^qU^d 

36.6  m 

.0195  m 

0.44  T 

f^3000J 

The  RF  (see  Table  3)  must  be  distributed  around  the  ring 
to  avoid  large  differences  between  the  beam  momentum 
(which  increases  in  steps  at  each  RF  section)  and  the  arc 
magnetic  field  (which  increases  continuously).  The  amount 
of  RF  used  is  a  tradeoff  between  cost  and  muon  survival. 
Survival  is  somewhat  insensitive  to  the  fraction  of  stored 
energy  the  beam  removes  from  the  RF  cavities,  because 
the  voltage  drop  is  offset  by  time  dilation. 

The  muons  accelerate  from  4  to  20  GeV.  If  they  are  ex- 
tracted  at  95%  of  full  field  they  will  be  injected  at  19%  of 
full  field.  For  acceleration  with  a  plain  sine  wave,  injection 
occurs  at  11®  and  extraction  occurs  at  72®.  So  the  phase 
must  change  by  61®  in  37  jusec.  Thus  the  sine  wave  goes 
through  360®  in  218  ^sec,  giving  4600  Hz. 

Estimate  the  energy  stored  in  each  26.5  m  long  combined 
function  magnet.  The  gap  is  about  .14  m  wide  and  has 
an  average  height  of  .06  m.  Assume  an  average  field  of 
1.1  Tesla.  The  permeability  constant,  /io,  is  47r  x  lO""^. 
W  =  B^/2/io[Volume]  =  110000  Joules.  Next  given  one 
turn,  an  LC  circuit  capacitor,  and  a  4600  Hz  frequency; 
estimate  current,  voltage,  inductance,  and  capacitance. 


B  = 


/io  iV7 


^  2t:\LC 


I  ^  Bh  ^ 

- >  1=  — -  =  52  kA 

lioN 

(1) 

L  =  2W/fi  =80  iM 

(2) 

(3) 

V  =  ^J2WIC  =  120  kV 

(4) 

Separate  coils  might  be  put  around  each  return  yoke  to 
halve  the  voltage.  The  stack  of  SCRs  driving  each  coil 
might  be  center  tapped  to  halve  the  voltage  again.  Four 
equally  spaced  6  cm  coil  slots  could  be  created  in  each  side 
yoke  using  6  cm  of  wider  laminations  to  cut  the  voltage  by 
five,  while  leaving  the  pole  faces  continuous.  6  kV  is  eas¬ 
ier  to  insulate  than  120  kV.  It  may  be  useful  to  shield  [1] 
or  chamfer  [10]  magnet  ends  to  avoid  large  eddy  currents 
where  the  field  lines  typically  do  not  follow  laminations.  A 
DC  offset  power  supply  could  be  useful  [1].  Neutrino  horn 
power  supplies  look  promising. 

Grain  oriented  silicon  steel  is  chosen  for  the  return  yoke 
due  to  its  high  permeability  at  high  field  at  noted  in  Table 
4.  The  skin  depth  [1 1],  S,  of  a  lamination  is  160  fim  from 
eqn.  5.  p  =  resistivity. 


S  =  \/p/7r//i  =  \/47  X  10“® 7 71’ 46001000/^0  (5) 

Take  /i  =  1000/io  as  a  limit  on  magnetic  saturation  and 
hence  energy  storage  in  the  yoke.  Next  estimate  the  frac¬ 
tion  of  the  inductance  of  the  yoke  that  remains  after  eddy 
currents  shield  the  laminations  [12].  The  lamination  thick¬ 
ness,  t  equals  100  /xm  [13].  ULq  =  (S/t)  {sinh{t/6)  -h 
sin(i/(J))  /  (cosh(f/ J)  -h  cos{t/6))  =  0.995.  So  it  appears 
that  magnetic  fields  can  penetrate  100  pm  thick  lamina¬ 
tions  at  4600  Hz.  Thicker  175  pm  thick  laminations  [14] 
would  be  half  as  costly  and  can  achieve  a  somewhat  higher 
packing  fraction.  L/Lo(t  -  175  pm)  =  0.956. 

Calculate  the  resistive  energy  loss  in  the  copper  coils. 
There  are  four  5  cm  square  copper  conductors  each 
5300  cm  long.  R  =  5300  (1.8  pll-cm)  /  (4)  (5^)  =  95  pQ. 
So,  P  =  PR  jQ^cos^{9)dO  =  130000  w/magnet.  Eigh¬ 
teen  magnets  give  a  total  loss  of  2340  kw.  But  the  neutrino 
factory  runs  at  30  Hz,  Thirty  half  cycles  of  109  psec  per 
second  gives  a  duty  factor  of  300  and  a  total  loss  of 
8000  watts.  Muons  are  orbited  in  opposite  directions  on 
alternate  cycles.  If  this  proves  too  cumbersome,  the  duty 
cycle  factor  could  be  lowered  to  150.  See  if  .25  mm  (30 
gauge)  wire  is  usable.  From  eqn.  6,  the  skin  depth,  6,  of 
copper  at  4600  Hz  is  0.97  mm. 


Table  3:  Superconducting  RF  parameters. 


Frequency 

201 

MHz 

Gap 

.75 

m 

Gradient 

15 

MV/m 

Stored  Energy 

900 

Joules 

Muons  per  train 

5  X  10^2 

Orbits  (4  to  20  GeV/c) 

12 

No.  of  RF  Cavities 

160 

RF  Total 

1800 

MV 

"^^beam 

110 

Joules 

Energy  Loading 

.082 

Voltage  Drop 

.041 

Muon  Acceleration  Time 

37 

psec 

Muon  Survival 

.83 

S  =  Vp/tt/po  =  \/l.8x  10“® /7r4600po  (6) 

Now  calculate  the  dissipation  due  to  eddy  currents  in 
this  w  =  .25  mm  wide  conductor,  which  will  consist  of 


Table  4:  Permeability  (B/fioH).  Grain  oriented  silicon 
steel  has  a  far  higher  permeability  parallel  (1|)  to  than  per¬ 
pendicular  (J_)  to  its  rolling  direction  [14, 15].  T  =  Tesla. 


Material 

LOT 

1.5  T 

1.8  T 

1008  Steel 

3000 

2000 

200 

Grain  Oriented  (1|) 

40000 

30000 

3000 

Grain  Oriented  (.L) 

4000 

1000 

1805 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


transposed  strands  to  reduce  this  loss  [10,  16].  To  get  an 
idea,  take  the  maximum  B-field  during  a  cycle  to  be  that 
generated  by  a  0.025m  radius  conductor  carrying  26000 
amps.  The  eddy  current  loss  in  a  rectangular  conductor 
made  of  transposed  square  wires  .25  mm  wide  (Litz  wire 
[17])  with  a  perpendicular  magnetic  field  is  as  follows. 
B  —  liQ  I /2i:r  =  0.2  Tesla. 

P  =  [Volume]iH!LZ^  (7) 


P  =  [4  .05^  53] 


(27r  4600  .2  .00025)2 
(24)  1.8  X  10-8 


=  2800  kw 


(8) 


Multiply  by  18  magnets  and  divide  by  a  duty  factor  of 
300  to  get  an  eddy  current  loss  in  the  copper  of  170  kw. 
Stainless  steel  water  cooling  tubes  will  dissipate  a  similar 
amount  of  power  [6].  Alloy  titanium  cooling  tubes  would 
dissipate  half  as  much. 

Do  the  eddy  current  losses  [16]  in  the  100  fim  thick  iron 
laminations.  Use  eqn,  7  with  a  quarter  meter  square  area,  a 
26.5  m  length,  and  an  average  field  of  1.1  Tesla. 


P-[(26.5)  (.52)1 


(27r  2600  1.1  .0001)2 
(24)  47  X  10-8 


=  5900  kw  (9) 


Multiply  by  18  magnets  and  divide  by  a  duty  factor  of 
300  to  get  an  eddy  current  loss  in  the  iron  laminations  of 
350  kw  or  700  watts/m  of  magnet.  So  the  iron  will  need 
some  cooling.  The  ring  only  ramps  30  time  per  second, 
so  the  /  H-dB  hysteresis  losses  will  be  low,  even  more  so 
because  of  the  low  coercive  force  (He  =  0.1  Oersteds)  of 
grain  oriented  silicon  steel.  This  value  of  He  is  eight  times 
less  than  1008  low  carbon  steel. 

The  low  duty  cycle  of  the  neutrino  factory  leads  to  eddy 
current  losses  of  less  than  a  megawatt  in  a  4600  Hz,  917 
m  circumference  ring.  Muon  survival  is  83%.  The  high 
permeability  of  grain  oriented  silicon  steel  permits  high 
fields  with  little  energy  stored  in  the  yoke.  Gradients  are 
switched  within  dipoles  to  minimize  eddy  current  losses  in 
ends.  Time  dilation  allows  extra  orbits  with  little  muon  de¬ 
cay  at  the  end  of  a  cooling  cycle.  This  allows  one  to  use 
more  of  the  stored  RF  energy.  Much  of  the  magnetic  field 
in  our  lattice  is  used  for  focusing  rather  than  bending  the 
muon  beam.  More  muon  cooling  would  lead  to  less  focus¬ 
ing,  more  bending,  and  an  even  smaller  ring. 

This  work  was  supported  by  the  U.  S.  DOE  and  NSF. 
Many  thanks  to  K.  Bourkland,  S.  Bracker  [18],  C.  Jensen, 
S.  Kahn,  H.  Pfeffer,  G.  Rees,  Y.  Zhao,  and  M.  Zisman. 
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K.  Horioka  and  M.  Shiho,  Tokyo  Institute  of  Technology,  Nagatsuda,  Kanagawa  226-8502,  Japan 
Abstract 


A  scenario  for  the  first  POP  experiment  and  crucial 
issues  of  accelerator  operation  with  induction  acceleration 
are  discussed. 

INTRODUCTION 

This  is  a  plan  to  demonstrate  the  concept  of  the 
induction  synchrotron  [1]  in  the  KEK  12GeV  PS.  In  this 
proof-in-principle  experiment,  the  acceleration  and 
longitudinal  beam  confinement  will  be  performed  by 
employing  induction  accelerating  devices  instead  of 
conventional  RF  devices.  The  induction  device  unit, 
consisting  of  DC  power-supply,  pulse-modulator  with 
solid-state  switching  elements,  and  2.5kV  induction 
accelerating  cavity,  has  been  developed  at  KEK  since 
2000  [2].  A  required  number  of  units  will  be  installed 
along  the  beam  line.  Experiments  will  be  done  sharing 
the  machine  time  with  the  K2K  experiment  and  other 
fixed  target  experiments  during  the  time  period  of  2003- 
2008.  As  a  first  step,  a  single  RF  bunch  will  be 
accelerated  with  induction  acceleration, 

SCENARIO  OF  INDUCTION 
ACCELERATION 

A  proton  bunch,  which  is  accelerated  in  the  500MeV 
booster  synchrotron,  is  injected  into  the  12GeV  main 
ring,  which  is  waiting  for  the  bunch  with  the  RF  buckets. 
The  RF  bucket  captures  the  bunch.  This  RF  bunch  is 
accelerated  with  induction  voltage,  which  is  synchronized 
with  the  lumping  pattern  of  guiding  magnetic  fields.  A 
super-imposed  induction  voltage  of  lOkV  is  generated  in 
the  four  induction  gaps,  each  of  which  is  capable  of 
generating  2.5kV.  At  the  transient  stage  of  the  beginning 
of  acceleration,  the  magnetic  fields  have  a  parabolic 
lumping  pattern.  The  four  induction  devices  are 
independently  triggered  following  a  programmed  trigger 
pattern  with  a  constant  output  voltage  of  2.5kV.  During 
the  constant  acceleration  stage,  these  four  induction 
devices  are  simultaneously  triggered,  A  finite  droop  in 
the  induction  voltage  is  inevitable  because  of  finite 
inductance  and  circuit  resistance.  From  a  point  of 
longitudinal  beam  dynamics,  the  droop  takes  a  role  of  an 
additional  gradient  force  in  the  RF  confinement.  In  the 
other  word,  the  droop  leads  to  a  parabolic  potential  in  the 
longitudinal  phase  space;  the  resulting  confinement  force 
is  a  super-impose  of  the  sinusoidal  wave  force  and  this 
linear  gradient  force.  Before  the  transition  energy,  the  few 
percent  droop  gives  an  additional  confinement  force, 
while  it  somewhat  reduce  the  focusing  beyond  the 
transition. 


HARDWARE 

Four  induction  cells  are  installed  in  the  short-straight 
section  of  IV-3D.  Each  of  cells  is  energized  with  a 
corresponding  pulse  modulator  through  a  matching  high 
voltage  cable.  The  induction  cell  is  estimated  to  generate 
heat  of  approximately  15kW  assuming  the  operation  cycle 
of  4  sec  (acceleration  period  of  2sec),  The  magnetic  core 
is  forcibly  cooled  with  insulation  oil.  The  induction  cell 
is  connected  with  a  ballast  resistance  of  200  Q  to 
minimize  reflection  due  to  mismatching.  All  deposited 
heat  on  the  devices  is  removed  with  pure  cooling  water. 
The  modulator  connected  with  a  DC  power  supply  is 
placed  in  the  power-supply  yard  on  the  ground  level. 
Since  the  device  is  essentially  a  pulse  device,  noise  shield 
should  be  crucial. 

SCHEDULE 

The  POP  experiment  will  be  performed  in  the  following 
schedule.  Beyond  the  first  step,  the  second  and  third  step 
are  scheduled,  where  a  super-bunch  trapped  in  the 
induction  barrier  bucket  will  be  accelerated  to  12  GeV. 


Table  1:  Road  map  of  the  POP  experiment 


Year 

‘03 

‘04 

‘05 

‘06 

‘07 

Step  1 

Step  2 

- ► 

super-bunch  (SB)  handling  * 

Step  3 

1  acceleration  of  Sb  I 

1 ^ 

The  POP  experiment  is  supported  by  Grant-In-Aid  for 

Creative  Scientific  Research  (KAKENHI 15GS0217). 
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High  Energy  Physics,  Argonne  National  Laboratory,  Argonne,  IL,  60439,  USA 


Abstract 

In  this  paper  we  present  a  new  solution  for  externally 
RF  coupled  dielectric  loaded  accelerator.  In  this  scheme, 
a  separate  TE-TM  converter  is  used  for  RF  coupling  and  a 
short  tapered  section  is  used  for  matching  the  RF  into  the 
dielectric  accelerating  structure.  Advantages  of  this  new 
design  are  there  is  no  dielectric  presented  near  the  coupler, 
thus  less  prune  to  premature  breakdowns;  and  it  can  be 
made  into  separate  modules  of  coupler,  matching  and 
accelerating  structures,  this  will  simplified  the  dielectric 
structure  development  because  only  one  set  of  couplers  is 
required  for  a  defined  RF  frequency  but  with  many 
different  dielectric  structures.  An  example  of  X-band 
1 1 .424  GHz  coupler  and  dielectric  accelerating  structure 
is  obtained  via  EM  simulations.  Based  on  the  simulation 
results,  a  set  of  coupler,  matching  and  dielectric  structures 
were  fabricated.  We  present  bench  measurement  results 
and  its  comparison  with  the  design. 

INTRODUCTION 

Dielectric  based  accelerating  structures  were  proposed 
and  studied  as  a  practical  accelerator  in  the  past  decades 
[1-5].  The  advantages  and  potential  problems  of  using 
dielectric  material  are  discussed  in  the  above  references 
and  summarized  in  [5].  An  implementation  is  also 
described  in  [5].  However,  the  high  power  experiments 
could  not  demonstrate  high  power  and  high  field 
characteristics  of  dielectric  accelerating  structures  because 
the  RF  coupler  designed  to  convert  TE-mode  from 
rectangular  waveguide  to  TM-mode  in  the  accelerating 
structure  could  not  support  very  high  power 
transmissions.  The  failure  of  high  power  capabilities  was 
suspected  due  to  the  presence  of  dielectrics  near  the 
coupling  slots  [6]  that  has  field  enhancement  effect,  thus 
causing  breakdown  near  the  slot. 

In  order  to  eliminate  any  field  enhancement  near  the 
coupler  due  to  the  presence  of  dielectrics,  we  have 
adopted  a  new  coupling  scheme  that  separate  the  coupler 
from  the  accelerating  section  as  suggested  by  Tantawi  and 
Nantista[7]  and  Syratchve[8].  As  shown  in  Figure  1,  this 
new  scheme  of  the  dielectric  loaded  accelerator  is  consists 
of  3  modules:  1)  Coupler  section;  2)  Dielectric  tapered 
matching  section  and  3)  Dielectric  accelerator  section. 
The  coupling  section  is  used  to  convert  the  rectangular 
TEIO  mode  to  circular  TMOl  mode.  The  tapered 
dielectric  section  is  used  to  provide  matching  between 
TMOl  modes  in  coupler  and  dielectric  accelerator.  This 
scheme  separates  the  dielectric  loaded  accelerator  from 
the  coupling  structure  by  a  tapered  matching  section  and 
thus  makes  the  coupler  independent  of  the  dielectric 
properties.  Also  because  the  coupling  slot  is  located  in  a 

*  This  work  is  supported  by  DOE,  High  Energy  Physics,  Advanced 
Technology  branch. 


section  of  circular  metallic  waveguide,  the  area  of  the 
coupling  slots  are  much  bigger  than  in  the  previous 
scheme[5]  and  this  makes  the  peak  value  of  the  EM  field 
much  smaller  than  that  of  the  old  scheme  under  the  same 
input  power.  Another  advantage  of  this  modular  scheme 
is  that  it  simplifies  the  experimental  implementations  of 
high  power  tests  because  only  one  set  of  input  and  output 
coupler  needs  to  be  made  for  different  dielectric 
accelerators.  Once  the  couplers  have  been  proved  to  have 
high  power  capability,  we  can  reuse  iem  in  other 
dielectric  loaded  accelerators  working  in  the  same  band 
provide  that  we  have  redesigned  and  implemented  the 
dielectric  taper  section  accordingly.  Because  properties  of 
the  accelerator  section  were  studied  in  details  previously 
[1-5],  we  will  concentrate  our  efforts  on  coupler  and 
dielectric  taper  designs.  First,  we  will  study  the  RF 

WR90 


Figure  1:  Illustration  of  the  scheme  dielectric 
accelerator,  coupler  and  also  the  taper  section 


coupler  and,  then  a  tapered  matching  section  is  optimized 
accordingly  for  a  given  dielectric  structure.  For  the 
coupling  section,  we  have  multiple  choices:  symmetric 
two  ports  structure  and  single  port  structure.  By  using 
symmetric  two  ports  structures,  one  can  eliminate  field 
asymmetry  in  the  coupler  region  and  also  minimize  the 
beam  break  up  (BBU)  effects.  By  using  the  single  side 
coupler  structure,  we  can  simplify  the  testing  facilities  and 
carry  out  the  experiment  easily.  Both  symmetric  two 
ports  structure  and  single  side  structure  have  been 
designed  but  only  single  side  structure  has  been  made  and 
used  in  our  tests. 

In  this  paper,  we  did  all  the  EM  simulation  by  using 
Microwave  Studio[9].  Both  simulation  results  and  test 
results  are  given  and  compared. 

11.424G  RF  COUPLING  SYSTEM  DESIGN 
AND  EM  SIMULATIONS 

In  this  section,  we  have  considered  designs  for  coupler 
and  dielectric  taper.  Due  to  the  availabilities  of  X-band 
high  power  RF  sources  at  SLAG  and  Naval  Research 
Laboratory,  we  concentrate  our  designs  at  11.424  GHz 
center  frequency  so  the  modeled  structure  can  be  high 
power  tested. 

For  the  coupler,  we  have  designed  both  symmetric  two 
ports  coupler  and  single  side  coupler,  but  only  design  of 
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the  single  side  coupler  is  presented  here  because  of  the 
space  limit.  As  mentioned  before,  two  ports  design  can 
eliminate  field  asymmetry  in  the  coupler  region  and  also 
minimize  the  beam  break  up  (BBU)  effects.  But  it  is 
much  more  convenient  to  test  a  structure  with  only  a 
single  RF  coupling  port.  Although  it  is  difficult  to 
implement  single  port  design  for  practical  high  energy 
linear  colliders,  but  this  would  satisfy  our  requirements  on 
high  power  test  of  dielectric  based  accelerators  because 
field  asymmetry  and  wakefield  induced  instabilities  are 
not  concerns  here.  The  scheme  of  single  side  coupler  is 
given  in  figure  2.  A  set  of  parameters  were  found  to  give 
maximize  the  efficiency  of  mode  conversion  from 
rectangular  TEIO  to  circular  TMOl  mode  as  illustrated  in 
figme  2.  By  optimizing  these  parameters,  we  obtained  the 
optimized  coupling  structure.  The  S  parameters  of  the 
optimized  single  side  structure  are  given  in  figure  3.  As 
shown  in  figure  3,  S21  is  almost  0  dB  in  the  region  of 
11.424GHz,  which  means  that  nearly  100%  of  energy 
fi*om  rectangular  TEIO  has  been  converted  into  circular 
TMOl .  Peak  electrical  fields  around  the  comers 
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Figure  2:  Scheme  of  the  single  side  coupler 

(blended  at  a  radius  of  2mm)  of  the  coupling  slot  are  to  be 
less  than  40  MV/m  for  1 00  MW  RF  power,  which  is  well 
below  the  copper  surface  breakdown  threshold. 


Frequency  (GHz) 

Figure  3:  S  parameters  of  optimized  single 
side  coupler,  optimized  for  1 1 .424GHz 

So  far,  we  have  only  discussed  the  RF  coupler  that  is 
dielectric  material  independent.  Next  we  will  consider  a 
design  of  dielectric  taper  section,  which  will  be 
determined  by  the  dielectric  constant  of  dielectric 
accelerating  section.  Purpose  of  the  dielectric  taper 


section  is  to  match  the  wave  impedance  between  the 
dielectric  loaded  circular  waveguide  (dielectric  loaded 
accelerator  section)  and  the  regular  circular  waveguide 
where  the  RF  coupling  structure  is  implemented,  thus 
achieve  high  transmissions.  As  shown  in  figure  1,  the 
geometry  of  taper  section  is  determined  by  its  length  / 
when  the  diameters  of  both  dielectric  loaded  waveguide 
and  the  regular  waveguide  are  predetermined.  The 
dielectric  constant  of  the  taper  can  be  somewhat  different 
from  the  dielectric  in  accelerating  section.  The  parameter 

d  is  determined  by  d  =— — —I  .  The  goal  of  taper 
c-b 

section  design  is  to  find  out  a  proper  length  /  with 
acceptable  Sll,  which  is  a  measure  of  reflection 
coefficient.  The  real  material  we  chose  for  our  simulation 
and  experiments  are  Alumina  (sr=9.4)  and  MCT20 
(Er=20).  Figure  4  gives  the  Sll  of  a  taper  section  for  a 

dielectric  accelerating  structure  with  £rl=9.4  where 
a=5mm,  ZF=7.185mm  and  c=12.079mm.  Theoretically, 
every  minimum  value  point  in  the  SI  1  vs  /  curve  could  be 
selected  for  our  purpose,  but  a  shorter  /  will  results  in  a 
tighter  tolerance  on  machine  errors  because  the  bandwidth 
is  narrower  for  shorter  /  as  shown  in  figure  4.  In  our  final 
drawing,  the  length  /  is  chosen  to  be  40mm  with  which 
the  expected  Sll  would  be  -19dB  for  alumina  material 

8r2-9.4. 


Figure  4:  Sll  vs  /  curves  of  alumina  dielectric  taper 
section 

Next,  we  considered  MCT  20.  This  is  the  same 
dielectric  materials  we  used  in  the  previous  high  power 
test  [6].  For  MCT20,  the  geometrical  parameters  for  the 
dielectric  loaded  accelerator  are  determined  as  a=2.96mm, 
b=4.53mm.  As  the  taper  scheme  for  alumina  does  not 
work  well  in  MCT20  based  structure  because  of  the  much 
higher  permittivity  and  much  smaller  dielectric 
accelerating  tube,  an  alternative  scheme  is  adopted  for 
designing  MCT20  taper  section.  As  shown  in  figure  5, 
the  alternative  scheme  has  three  independent  parameters. 
Changing  any  one  of  these  3  parameters  could  change  the 
properties  of  the  taper  section.  In  our  final  design  for 
MCT20  taper  section,  ti  is  chosen  to  be  39mm  and  is 
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chosen  to  be  5mm.  By  optimizing  t2  with  Microwave 
studio  for  minimized  SI  1  at  1 1 .424GHz,  is  found  out  to 
be  17.8mm.  Figure  5  also  gives  the  SI  1  vs  frequency  for 
MCT20  taper  section  with  parameters  given  above. 
Figure  5  shows  that  the  SI  1  at  the  working  frequency, 
1 1 .424GHz,  of  this  MCT20  taper  section  is  about  -25dB 
and  the  bandwidth  where  Sll  bellow  -lOdB  is  about 
200MHz.  This  MCT20  taper  section  will  be  made  and 
tested  soon. 


Figure  5:  Scheme  of  the  MCT20  taper  and  it’s  SI  1  of 
structure  optimized  for  1 1 .424GHz 


EXPERIMENTAL  VERIFICATIONS 

Based  on  the  dimensions  obtained  from  EM  simulation 
via  Microwave  Studio,  two  single  side  couplers  and 
tapered  matching  section  have  been  made.  A  set  of  tests 
have  been  carried  out  using  HP8510  network  analyzer. 
Figure  6  is  the  coupler  to  coupler  tests  result  comparing 
with  its  EM  simulation  result  and  shows  good  agreement 
between  them.  Machine  errors  have  been  guessed  and 
included  in  the  EM  simulation.  From  figure  6,  we  could 
say  that  the  design  and  implementation  of  the  couplers  is 
a  success. 


Figure  6:  Comparing  S21  of  Coupler  to  coupler  HP 
analyzer  test  result  and  EM  simulation  result 

Besides  the  implementation  of  couplers,  several  pieces 
of  alumina  dielectric  taper  and  a  pair  of  copper  jack  are 


also  made  based  on  the  simulation  results  given  before. 
The  permittivity  of  alumina  used  for  the  taper  is  9.7 
according  to  the  catalog,  which  is  different  from  the 
permittivity  of  the  alumina  dielectric  accelerator  tube,  9.4. 
By  assemble  them  together  with  couplers  and  dielectric 
accelerating  tube,  a  testing  alumina  dielectric  loaded 
accelerator  is  made.  The  NRL  high  power  test  on  this 
testing  alumina  dielectric  loaded  accelerator  assured  that 
this  RF  coupling  system  design  has  a  very  good  high 
power  capability[  10]. 

SUMMARY 

A  new  RF  design  for  dielectric  loaded  accelerating 
structure  has  been  implemented  and  tested.  This  new 
design  separates  the  coupler  from  the  dielectric  loaded 
accelerating  structure  by  a  tapered  transition  section.  This 
has  successfully  eliminated  Ae  arcing  problems  observed 
during  previous  high  power  tests  of  our  old  design.  Both 
symmetric  two  ports  and  single  port  couplers  have  been 
investigated.  We  found  that  both  type  are  capable  of 
converting  the  rectangular  TEIO  mode  into  circular  TMOl 
mode  wi^  efficiency  above  99%  over  a  relatively  wide 
bandwidth.  For  the  simplicity  of  the  high  power 
experiments  setting  at  NRL,  we  used  the  single  side 
coupler.  A  testing  alumina  structure  has  been  made  and 
tested  at  NRL,  and  has  been  proved  to  have  the  high 
power  capability. 
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Abstract 

The  conceptual  design  of  a  compact,  photoinjector- 
based,  facility  for  high  precision  measurements  of 
Wakefields  is  presented.  This  work  is  motivated  by  the 
need  for  a  thorough  understanding  of  beam  induced 
Wakefield  effects  for  any  future  linear  collider.  We 
propose  to  use  a  high  brightness  photoinjector  to  generate 
(approximately)  a  2  nC,  2  mm-mrad  drive  beam  at  20 
MeV  to  excite  wakefields  and  a  second  photoinjector  to 
generate  a  5  MeV,  variably  delayed,  trailing  witness  beam 
to  probe  both  the  longitudinal  and  transverse  wakefields 
in  the  structure  under  test.  Initial  estimates  show  that  we 
can  detect  a  minimum  measurable  dipole  transverse  wake 
function  of  0.1  V/pC/m/mm  and  a  minimum  measurable 
monopole  longitudinal  wake  function  of  2.5  V/pC/m. 
Simulations  results  for  the  high  brightness  photoinjector, 
calculations  of  the  facility’s  Wakefield  measurement 
resolution,  and  the  facility  layout  are  presented. 

INTRODUCTION 

A  fundamental  concern  for  the  NLC  is  the  beam-induced 
Wakefield  effect.  In  general,  the  short-range  wake  acts 
back  on  the  beam  and  degrades  its  quality,  while  the  long- 
range  wake  deleteriously  affects  subsequent  bunches. 
Wakefield  effects,  such  as  those  due  to  RMS  structure 
misalignment  and  schemes  to  suppress  these  effects  (e.g. 
emittance  bumps),  have  been  studied  mainly  with 
numerical  calculations  and  with  previous  machines,  such 
as  the  SLC.  These  techniques,  however,  will  work  at  the 
NLC  only  if  the  structure  wakefields  are  below  certain 
thresholds.  For  example,  the  RMS  structure  misalignment 
must  be  less  than  20  pm  to  avoid  resonant  instabilities. 
For  quality  control  reasons,  it  would  be  beneficial  if  the 
Wakefield  characteristics  of  the  NLC  structures  were 
accurately  measured  before  being  installed  into  NLC 
accelerating  modules.  We  propose  to  characterize  these 
structures  by  directly  mapping  their  wakefields  [1]. 

Direct  mapping  of  the  wake  function  of  NLC  structures 
was  previously  made  at  the  AATF  [2],  with  moderate 
precision  using  approximately  10  MeV  beams,  and  also  at 
ASSET  [3],  with  high  precision  using  approximately  1 
GeV  beams.  In  this  paper,  we  present  a  zero*  order 
design  study  that  shows  that  direct-wakefield 
measurements  can  be  made  with  high  precision  using  10 
MeV  beams  if  the  facility  is  based  on  high-brightness  RF 
photocathode  guns  [4].  Such  a  facility  could  then  be  used 
as  the  basis  of  an  NLC  quality  control  center. 

FACILITY  OVERVIEW 

A  compact,  collinear,  direct-wakefield  measurement 
facility  [Fig.  1]  can  be  made  using  a  high-brightness,  20 


MeV,  2  nC  drive  beam  to  excite  the  wakefields  and  a 
high-brightness,  5  MeV,  0. 1  nC  witness  beam  to  probe  the 
wakefields.  For  wakefield  measurements,  a  beamline  is 
designed  to  transport  the  drive  and  witness  beams 
collinearly  through  the  structure.  The  longitudinal 
location  of  the  witness  beam  with  respect  to  the  drive 
beam  can  be  continuously  varied  from  a  time  delay  t  of 
one  nanosecond  ahead  of  the  drive  to  tens  of  nanoseconds 
behind  it.  This  is  accomplished  by  varying  die  optical 
delay  path  of  the  laser  pulse  generating  the  witness  beam 
in  conjunction  with  an  adjustment  to  the  phase  of  the  RF 
into  the  witness  gun. 

The  drive  beam  is  matched  from  the  output  of  the  drive 
gun  and  linac  (not  shown)  to  the  drive  beam  lattice  (quad 
(Q)  triplet  and  dipole  (D)  chicane)  and  through  the  NLC 
structure.  In  a  similar  fashion,  the  witness  beam  is 
delivered  through  a  dog-leg  section  and  into  the  NLC 
structure.  Initial  alignment  of  the  drive  (witness)  beam 
through  the  structure  is  done  while  blocking  the  witness 
(drive)  beam  and  centering  the  drive  (witness)  beam  on 
the  straight-through  zeroing  BPM. 


Measurement  of  the  Longitudinal  Wake 


Upon  exiting  the  structure,  the  drive  and  witness  beams 
are  separated  by  a  horizontal  dipole  magnet  (^0  that  bends 
the  beams  by  approximately  2.5°  and  10°  respectively. 
With  the  witness  beam  mnning  in  front  of  the  drive  beam, 
the  horizontal  dipole  magnet,  ft  is  adjusted  until  the 
witness  beam  is  centered  in  the  horizontal  direction  on  the 
witness-beam  zeroing  BPM  (WB-ZBPM),  To  measure  the 
monopole  longitudinal  wake  function  the  structure  is 
centered  (zero  offset  with  respect  to  the  beams)  and  the 
witness  beam  is  positioned  at  a  time  t  behind  the  drive 
beam  The  longitudinal  wakefield  is  proportional  to  the 
longitudinal  momentum  kick  received  by  the  witness 
beam, 


>  f  AS, 

J'+ll  E  J 


(1) 


where  f  is  the  relativistic  energy  factor,  E  is  the  energy  of 
the  witness  beam  (5  MeV),  and  AE^  is  the  longitudinal 
energy  change  of  the  witness  beam  centroid.  After 
exiting  ft  the  drive  beam  is  dumped  and  the  witness  beam 
is  directed  towards  a  weak  vertical  dipole  magnet  (V)  and 
the  WB-ZBPM.  Conceptually,  one  could  simply  measure 
the  horizontal  offset  at  WB-ZBPM  to  infer  the  energy 
change  {AE^  of  the  witness  beam  centroid.  However, 
from  the  point  of  view  of  beam  optics  and  BPM 
resolution,  it  is  better  to  use  H  to  center  die  witness  beam 
centroid  on  WB-ZBPM  and  then  use  this  change  to  the 
magnetic  field  of  H  to  calculate  the  change  in  energy,  AEz> 
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Figure  1:  Block  Diagram  of  the  Compact  Wakefield  Measurement  Facility. 


Measurement  of  the  Transverse  Wake 


To  measure  the  dipole  transverse  wake  function  the 
structure  is  displaced  1  mm  in  the  vertical  direction 
relative  to  the  collinear  drive  and  witness  beams.  The 
witness  beam  is  then  placed  at  time  t  behind  the  drive 
bunch,  which  causes  the  trailing  witness  beam  to  receive  a 
vertical  deflection, 


=J1- 

f  +  1 


(2) 


where  AEy  is  the  transverse  energy  change  of  the  witness 
beam  centroid.  To  compensate  for  the  longitudinal  wake, 
the  magnet  H  is  again  used  to  horizontally  center  the 
witness  beam  on  WB-ZBPM,  The  vertical  deflection  of 
the  witness  beam  (AO  j,)  will  cause  the  beam  to  be 
displaced  in  the  vertical  direction  (out  of  the  plane  in 
Figure  1)  at  WB-ZBPM.  Once  again,  conceptually,  we 
could  measure  this  vertical  offset,  at  WB-ZBPM,  to  infer 
the  strength  of  the  transverse  wake,  but  for  practical 
purposes  it  is  better  to  use  the  vertical  dipole  magnet  V,  to 
center  the  witness  beam  on  WB-ZBPM  and  use  the  change 
in  magnetic  field  strength  of  V  to  infer  AOy. 


Machine  Functions 


The  machine  functions  for  matching  the  drive  and 
witness  beams  through  the  structure  and  into  the 
measurement  area  were  found  with  COMFORT  [5].  The 
results  are  shown  in  Figure  2  and  Figure  3. 


fflGH  BRIGHTNESS  ELECTRON 
SOURCE 

A  new  1  Vi  Cell  L-band  (1.3  GHz)  RF  photocathode 
gun  at  the  Argonne  Wakefield  Accelerator  (AW A)  facility 
has  recently  been  commissioned.  The  primary  purpose  of 
this  gun  is  to  generate  high-intensity  beams,  with  a 
nominal  bunch  charge  of  100  nC,  for  studying  wakefield 
acceleration  schemes.  The  beam  produced  by  the  gun  in 
this  high-intensity  mode  is  not  suitable  for 
characterization  of  NLC  structures  due  to  the  large 
normalized  beam  emittance  of  approximately  100  mm- 
mrad. 

In  order  to  determine  if  this  gun  can  be  operated  in  a 
high-hrightness  mode  to  generate  the  drive  beam,  we  first 
spend  a  moment  to  discuss  the  requirements  of  the  drive 
beam.  The  maximum  allowable  emittance  of  the  electron 
source  is  estimated  by  examining  the  dimensions  of  an 
NLC  structure  and  then  requiring  that  the  beam  be  able  to 
pass  through  it.  Typical  NLC  structures  currently  under 
consideration  are  about  1  meter  long  with  an  inner  radius 
of  the  iris  near  3  mm.  We  choose  a  comfortable  safety 
margin  by  requiring  that  the  beam’s  one-sigma  radius  be 
about  an  order  of  magnitude  less  than  the  iris  radius,  or 
CTx.y  ~  300  pm.  Assuming  that:  (1)  the  beam  is  focused  to 
a  waist  at  the  center  of  the  structure;  (2)  the  beta  function 
is  one  meter,  or  1  m;  and  (3)  the  normalized  energy 
of  the  beam  is  y  =  40;  then  the  maximum  allowable 

normalized  emittance  from  =  300//m  is  = 
3.6  mm  mrad. 


Figure  2:  Drive  beam  machine  functions  from  the  end  of 
the  drive  linac  to  the  center  of  the  NLC  structure. 


Figure  3:  Witness  beam  machine  functions  from  the  end 
of  the  witness  gun  to  WB-ZBPM. 
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Table  1:  High-Brightness  Gun  Operating  Mode 


Charge  (nC) 

2 

Laser  spot  radius  (mm) 

1.6 

Laser  pulse  length  (psec) 

8 

RF  launch  phase  (®) 

40 

Energy  (MeV) 

10.4 

Energy  spread  (%) 

0.5% 

Normalized  r.ni.s.  emittance  (mm  mrad) 

1.9 

Our  second  requirement  is  to  operate  the  drive  gun  at 
the  highest  possible  charge  to  increase  our  wake  function 
measurement  sensitivity.  Recent  Parmela  [6]  simulations 
indicate  that  the  gun  can  indeed  be  operated  in  a  high- 
brightness  mode.  The  beam  parameters  produced  by  the 
AW  A  gun  operating  in  high-brightness  mode  are 
summarized  in  Table  1.  It  is  worth  pointing  out  that  this 
operating  point  uses  a  drive  beam  charge  of  2  nC  that 
easily  satisfies  the  drive  beam  requirements. 


RESOLUTION  OF  THE  WAKEFIELD 
MEASUREMENT  SYSTEM 

In  this  section  we  put  all  the  previous  sections  together 
and  make  an  estimate  of  our  measurement  resolution. 


Longitudinal  Wakefield  Resolution 

The  longitudinal  momentum  kick  (see  Eq.  1)  is  related 
to  the  longitudinal  wake  function  by, 


A0,(O  = 


y  +  l 


-eQ,LXo{t)' 


E 


(3) 


where  Qd  is  the  drive  bunch  charge  in  pC,  L  is  the 
structure  length  in  meters,  E  is  the  witness  beam  energy  in 

units  of  eV,  W^'^^  (^)  is  monopole  (m=0)  longitudinal 

wake  function  [7]  per  unit  length  in  units  of  V/pC/m,  and 
the  prime  stands  for  differentiation  in  the  z  direction. 
From  this  equation  we  can  see  that  we  will  achieve  good 
sensitivity  to  the  wake  function  (i.e.  a  large  kick)  if  Qd  is 
large  and  E  is  small.  Since  Qd  and  E  are  fixed  at  2  nC  and 
5  MeV,  respectively,  then  the  resolution  depends  on  the 
accuracy  to  which  we  can  measure  the  energy  change, 
AE/E. 

If  the  witness  beam  charge  is  10  pC,  we  can  estimate  a 
normalized  r.m.s.  emittance  of  0.1  mm  mrad  and  a 
momentum  spread  of  1%.  From  figure  3,  we  see  that  the 
horizontal  beta  function  of  the  witness  beam  is  jBx  =  2.6  m 
and  the  dispersion  is  7]^  =  0.2  m  at  WB-ZBPM.  The  width 
due  to  the  beta  function  (ap  =  0.5  mm)  is  added  in 
quadrature  with  the  width  due  to  the  momentum  spread 
and  dispersion  function  =  2.0  mm)  to  give  the  total 
width  (CTtot  =  2.1  mm).  We  now  assume  that  the  accuracy 
of  WB-ZBPM  is  about  1/10^  of  the  one  sigma  beam 
width,  or  210  p.m.  Since  H  bends  the  witness  beam  by 
10®,  then  a  0.1%  change  in  longitudinal  momentum  over  a 
2  m  drift  will  produce  a  horizontal  offset  of  the  witness 
beam  centroid  at  WB-ZBPM  of  350  p-m,  comfortably 


larger  than  the  resolution  of  WB-ZBPM.  Finally, 
combining  equations  1  and  3,  and  solving  for  (/) 

gives  a  minimum  measurable  monopole  longitudinal 
wake  function  per  unit  length  of  2.5  V/pC/m. 


Transverse  Wakefield  Resolution 

The  transverse  momentum  kick  (see  Eq.  1)  is  related  to 
the  transverse  wake  function  by, 

^  f  r  Ti/'  t *\\ 


y+l 


-eQ,kW[At) 


Ajrf  (4) 


where  j  is  the  dipole  (m=l)  transverse  wake 

function  per  unit  length  in  units  of  V/pC/m/mm,  Ayd  is  the 
offset  of  the  drive  beam  relative  to  the  center  of  the 
structure  measured  in  mm,  and  all  other  variables  have 
been  previously  defined..  Once  again,  good  sensitivity  to 
the  transverse  wake  function  is  obtained  when  Qd  is  large 
and  E  is  small. 

From  figure  3,  we  see  that  the  vertical  beta  function  of 
the  witness  beam  is  Py-  4.6  m  leading  to  a  vertical  beam 
size  of  Cp  =  0.4  mm  at  WB-ZBPM.  Once  again,  we 
assume  that  our  BPM  resolution  is  1/10*  of  the  spot  size, 
so  that  the  vertical  BPM  resolution  is  40  pm.  Next,  we 
estimate  the  minimum  angular  kick  {A6y)  that  our  system 
can  detect.  Since  the  drift  length  is  2  m,  a  20  prad  kick 
produces  an  offset  of  40  pm  at  WB-ZBPM^  an  amount 
equal  to  our  resolution.  Finally,  solving  Equation  4  for 

gives  a  minimum  measurable  dipole  transverse 


wake  function  per  unit  length  of  0.1  V/pC/m/mm. 


CONCLUSION 

We  have  presented  a  conceptual,  zero*  order  design  for 
a  compact  wakefield  measurement  facility.  This  facility 
can  measure  both  the  longitudinal  and  transverse  wake 
functions  with  state  of  the  art  precision.  Our  estimates 
show  that  we  can  measure  a  minimum  measurable 
monopole  longitudinal  wake  function  of  2.5  V/pC/m  and 
a  minimum  measurable  dipole  transverse  wake  function 
of  0.1  V/pC/m/mm.  The  Argonne  Wakefield  Accelerator 
facility  at  ANL  could  be  used  to  build  a  prototype  version 
of  this  facility  to  prove  the  validity  of  this  concept. 
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Abstract 


A  future  muon  collider  or  neutrino  factory  requires  fast 
acceleration  to  minimize  muon  decay.  We  have 
previously  described  an  FFAG  ring  that  accelerated 
muons  from  10  to  20  GeV  in  energy.  The  ring  achieved 
its  large  momentum  acceptance  using  a  low-emittance 
lattice  with  a  small  dispersion.  In  this  paper,  we  present 
an  update  on  that  ring.  We  have  used  design  tools  that 
more  accurately  represent  the  ring’s  behavior  at  large 
momentum  offsets.  We  have  also  improved  the  dynamic 
aperture  from  the  earlier  design. 

1  INTRODUCTION 

Fixed  field  alternating  gradient  (FFAG)  lattice  designs  [1] 
have  been  extensively  used  and  studied  in  recent  years 
[2].  Fast  acceleration  of  large  emittance  muon  beams,  is 
essential  for  either  neutrino  factory  or  muon  collider 
projects  because  of  the  short  muon  lifetime.  The  KEK 
feasibility  study  in  2001  had  chosen  the  standard  FFAG 
lattice  design  for  the  muon  acceleration  and  “cooling”.  In 
addition,  a  small  “proof  of  principle”  50-500  KeVYVKG 
proton  ring  was  built  and  commissioned  [2].  The 
advantages  of  this  design  are:  the  large  momentum 
acceptance,  fixed  magnetic  field  during  acceleration, 
relatively  large  energy  gain  per  turn,  transition  energy 
above  the  output  energy,  etc.  The  standard  design  is  a  so- 
called  “scaling”  synchrotron  where  the  betatron  tunes  are 
constant  during  acceleration,  giving  zero  chromaticity. 
Particles  at  different  energies  follow  orbits  parallel  to 
each  other  during  acceleration.  A  disadvantage  of  this 
“scaling”  FFAG  designs  is  that  it  has  a  large  required 
aperture  with  a  large  circumference  ratio  due  to  required 
negative  bending.  The  present  report  follows  the  basic 
principle  of  the  FFAG  described  by  Symon  [1]  but  with  a 
non-scaling  FFAG  using  the  minimum  emittance  lattice 
design  [3].  The  disadvantages  of  the  scaling  FFAG  design 
are  dr^atically  reduced.  A  relatively  small  FFAG 
synchrotron  with  a  circumference  of  -300  m  can  be 
designed  to  accelerate  muons  from  energy  of  10  GeV  up 
to  20  GeV  in  about  -20  turns.  It  is  assumed  that  the 
magnets  and  the  RF  are  super-conducting. 

Organization  of  the  Report: 

The  next  section  presents  the  basic  idea  of  the  design.  The 
lattice  properties  calculated  at  the  central  momentum  of 
Eo-\5  GeV  are  described  in  the  third  section.  The  lattice 
fimction  dependence  on  momentum  is  described  in  the 
fourth  section  (the  amplitude  functions,  tunes,  orbits, 
momentum  compaction,  circumference).  The  acceleration 
is  described  in  the  fifth  and  the  section  6  is  aconclusion. 


2  LATTICE  PROPERTIES  OF  A  CELL 

The  basic  idea  of  accelerating  muons  with  the  FFAG 
scaling  synchrotron  using  the  minimum  emittance  lattice 
has  been  described  in  detail  earlier.  To  allow  a  large 
momentum  acceptance  and  large  energy  change  a  small 
dispersion  minimum  emittance  lattice  is  employed.  The 
amplitude  of  the  normalized  dispersion  function  is  defined 
as  the  square  root  of  the  dispersion  emittance  function  H 
[3]: 

where  ti  is  the  dispersion  function.  The  minimum 
emittance  lattice  is  one  that  minimizes  the  function  H  [3]. 
This  is  achieved  having  the  minimum  of  the  horizontal 
amplitude  and  dispersion  function  tjx  occur  at  the  center 
of  the  bending  element.  If  the  bending  element  is  a 
combined  function  magnet,  the  conditions  are  more 
favorable.  This  update  of  the  previous  designs  includes 
three  major  simplifications:  the  necessary  space  for  the 
accelerating  cavities  has  been  enlarged  by  removal  of  one 
of  the  magnets,  and  the  basic  cell  betatron  tune  changes 
during  acceleration  are  kept  between  half  integer  values, 
permitting  the  removal  of  sextupole  magnets.  A  small 
opposite  bend  has  been  added  to  the  focusing  quadrupole; 
this  improves  the  tune  acceptance  over  the  large 
momentum  range  of  the  basic  cell. 

Noi>mair3«4  Ortp«rsfon  FFAG  tome*  wtth  Oppostf#  b«nd 


0,'  V/J  +  A  0,/V/f 

Figure  1:  Normalized  dispersion  space:  the  opposite  bend 
at  QF  quadrupole,  while  the  major  bend  is  at  BD. 

The  square  root  of  the  H  function  is  presented  by  the 
red  lines  in  Fig.  1.  The  opposite  bend  is  in  the  focusing 
quadrupole  labeled  as  QF.  The  normalized  dispersion 

♦Work  performed  under  Contract  Number  DE-AC02-98CH10886  with 
the  auspicies  of  the  US  Deparment  of  Energy. 
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vector  changes  for  sl  at  the  bending 

elements.  Due  to  the  larger  betatron  function  at  the 
focusing  quadrupole,  the  vector  fix  qf  is  almost  the 
same  size  as  the  one  for  the  major  bend  6bd^  Px_bd-  This 
reduces  the  overall  value  of  the  H  function  and  allows 
large  momentum  acceptance.  In  Fig.  1  a  drift,  space  or 
non-bending  element  is  presented  as  a  part  of  a  circle.  The 
circumference  of  the  machine  is  C-'SOO  m;  it  consists  of 
sixty  identical  cells  ~5  meters  long. 

3  THE  BASIC  CELL 

The  basic  FFAG  minimum  emittance  cell  is  made  of 
only  two  type  of  magnets:  the  central  bending  element  is  a 
combined  function  magnet,  1.6  m  long,  with  a 
defocusing  gradient;,  the  two  focusing  quadrupoles, 
/g/r-0.55  m  long,  have  equal  but  opposite  focusing 
gradients  and  a  negative  bending  field.  As  in  the  previous 
design  the  minimum  of  the  horizontal  betatron  and 
dispersion  functions  are  at  the  center  of  the  dipole  as 
presented  in  Fig.  2. 


Batotron  Functions  within  a  sln9l«  call 

FFAG  loHlc«;  BO  c«lls  318  meters  circumference 


Siml 


Figure  2:  The  betatron  functions  in  the  basic  cell.  The 
dispersion  fimction  is  labeled  as 

The  energy  range  for  muon  acceleration  considered  is 
between  10-20  GeV,  The  lattice  functions  are  presented  at 
the  central  energy  equal  to  Ec=l5  GeV.  The  lattice  design 
tool  used  for  this  example  is  SYNCH  [4].  Because  it  has 
been  found  [6]  that  other  lattice  programs  [MAD, 
TEAPOT,  COSY]  have  limitations  at  large  momentum 
deviations.  The  betatron  functions  are  calculated  for  the 
required  momentum  range  of  ^/p  =  ±  33  %.  The  magnets 
have  sextupole  strengths  of  %  of  the  strength  that  would 
make  the  chromaticity  zero  at  the  central  momentum 
(stronger  sextupoles  would  entail  an  unacceptably  small 
dynamic  aperture).  A  comparison  of  the  calculations  of 
the  lattice  function  dependence  on  momentum  for  large 
momentum  offsets  obtained  by  four  different  lattice  tools 
is  presented  at  this  conference  [6].  The  betatron  functions 
(closed  orbit  offsets  Xco,  Px,  Py,  Vx,  and  Vy)  are  presented 
without  %  sextupoles  strength,  while  they  were  used  to 
study  the  influence  on  the  orbit  circumference  and  in 
longitudinal  tracking. 


4  BETATRON  FUNCTIONS 
DEPENDENCE  ON  MOMENTUM 

The  incorporation  of  opposite  bend  in  the  focusing 
quadrupole  allows  tune  changes  during  acceleration 
within  the  basic  cell  to  be  within  a  range  which  avoids 
integer  and  half  integer  resonances  (0.1  <  Vx,y<  0.4).  This 
is  a  necessary  condition  for  a  stable  particle  motion.  The 
dependence  of  the  tunes  on  momentum  within  the  basic 
cell  is  shown  in  Fig.  3. 

FFAG  minimum  emittonce  loltice 


Figxire  3:  Betatron  tunes,  Vx  and  Vy,  dependence  on  a  large 
range  of  momentum  in  the  basic  cell. 

The  betatron  functions  P,  and  Py  should  have  moderate 
values  over  the  required  momentum  range.  When  the 
vertical  tune  comes  close  to  an  integer  or  half-integer  the 
maximum  of  the  vertical  betatron  function  becomes 
larger,  as  shown  in  Fig  4. 

FFAG  minimum  emittoncfi  lottice 


Figure  4:  Betatron  functions  dependence  on  momentum. 

The  particle  orbits  during  acceleration  through  a  single 
cell  are  the  most  important  aspect  of  this  lattice  design,  as 
shown  in  Fig.  5.  Some  important  details  from  this  figure 
need  to  be  emphasized:  at  the  start  of  acceleration 
particles  move  through  the  basic  cell  on  the  inside  of  the 
aperture  and  have  mostly  negative  closed  orbit  offsets 
(Xco<  0).  The  largest  orbit  offsets  at  the  lower  energy  side 
in  this  example  are  of  the  order  of  Xco'^50  mm.  As  the 
particles  are  accelerated  from  ^£,=10  GeV  up  to  £"^=20 
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GeV,  the  orbits  move  towards  the  outside  of  the  magnets’ 
aperture  with  a  zero  closed  orbit  for  the  central  energy  of 
£^=15  GeV.  The  closed  orbit  offsets  at  the  maximum 
energy  reach  values  of  Xco'^SS  mm.  These  closed  orbit 
offsets  may  be  compared  to  offsets  of  the  order  of  Xco'-SOO 
mm,  for  the  same  energy  range  10  -20  GeV,  in  the  scaling 
FFAG  [2]. 

FFAG  Mintmum  CjpUtoncfi  Lcttice  —  Orbits  during  occclerotion 


Figure  5:  Closed  orbit  offsets  during  acceleration  from  the 
muon  energy  of  10  GeV  to  20  GeV,  in  the  basic  cell. 

Acceleration  Parameters:  Oc  -  the  Momentum 
Compaction  and  a  Difference  in  the  Path  Length 
The  dependence  of  the  momentum  compaction  ac  on 
energy  is  approximately  linear.  At  the  lowest  energy  the 
lattice  has  imaginary  and  as  the  energy  crosses  the 
central  energy  Yt  becomes  real.  The  path  length  difference 
during  acceleration,  as  calculated  by  SYNCH,  is  shovm  in 
Fig.  6. 

FFAG  MinTmum  Emillance  Lattice 


Figure  6:  Change  in  circumference  during  acceleration. 


5  ACCELERATION 

A  simulation  of  the  longitudinal  motion  as  presented  in 
Fig.  7,  was  performed  with  the  assumption  that  the  path 
difference  is  the  same  as  presented  in  Fig.  6  with  quarter 
strength  of  sextupoles.  More  details  about  this  simulation 
have  been  previously  presented  [7].  Parameters  used  for 


the  simulation  are:  10  bunches,  0.1  pC/bunch,  initial 
bunch  half  length  1,6  ns ^  initial  half  energy  spread  4  MeV^ 
initial  200  MHz  RF  voltage  650  MV/tuniy  final  vs.  initial 
emittance  =  1.125,  and  a  for  the  beam  loading  a  fraction 
of  stored  cavity  energy  absorbed  by  the  beam,  45%. 


Figure  7:  Longitudinal  simulation  of  acceleration. 


6  CONCLUSIONS 

We  have  described  an  example  of  the  non-scaling 
FFAG  lattice  and  its  advantages  with  respect  to  the 
standard  scaling  FFAG  concept.  When  compared  with  the 
scaling  examples  the  aperture  size  is  significantly  smaller 
as  well  as  the  circumference.  The  super-conducting 
combined  function  magnets  are  within  a  reasonable  size 
and  strength.  The  muon  acceleration,  the  major  cost  item 
in  the  neutrino  factory  feasibility  studies,  is  becoming 
more  realistic  and  less  costly. 
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Abstract 

We  propose  a  pre-bunched  Laser  Wakefield 
Acceleration  (LWFA)  experiment  in  a  plasma  channel  at 
the  BNL  DUV-FEL  Facility.  BNL  DUV-FEL  facility  is 
uniquely  qualified  to  carry  out  the  proposed  experiment 
because  of  the  high-brightness  electron  beam  and  RF 
synchronized  TW  Ti: Sapphire  laser  system.  The  DUV- 
FEL  is  a  200  MeV  linac  facility  equipped  with  a 
photocathode  RF  gun  injector,  a  100  fs  Ti:Sapphire  laser 
system  and  a  magnetic  bunch  compressor.  The  proposed 
LWFA  will  inject  a  150  MeV,  10  fs  electron  bunch  into  a 
centimeters  long  plasma  channel.  Simulation  and 
preliminary  experiment  showed  that,  high-brightness  10 
fs  electron  bunch  with  20  pC  charge  could  be  produced 
using  the  technique  of  longitudinal  emittance 
compensation.  The  initial  experiment  will  be  performed 
using  the  existing  TirSapphire  laser  system  (50mJ,  100 
fs)  with  30  |Xm  spot  and  4  cm  channel,  the  maximum 
energy  gain  will  be  about  15  MeV.  We  propose  to 
upgrade  the  existing  SDL  laser  output  to  500  mJ  with  a 
shorter  pulse  length  (50  fs).  For  an  electron  beam  spot 
size  of  20  um,  the  expected  energy  gain  is  about  100  MeV 
for  a  5  TW,  50  fs  laser  pulse. 

INTRODUCTION 

The  ultra-high  acceleration  gradient  and  renewable 
acceleration  structure  are  the  major  attractive  features  of 
the  plasma  based  accelerators  [1-2].  Acceleration  gradient 
over  100  GV/  m  has  been  observed  in  many  labs  [3-4]. 
The  challenges  now  facing  the  laser  plasma  accelerator 
community  are  to  produce  and  preserve  the  electron  beam 
quality  in  the  plasma  accelerators,  and  to  extend  plasma 
acceleration  length. 

Plasma  channel  is  being  explored  to  extend  the 
interaction  length  of  the  laser  plasma  accelerators. 
Though  other  laser  plasma  accelerators  has  demonstrated 
higher  acceleration  gradient,  standard  laser  plasma  wake 
field  accelerator  (LWFA)  holds  most  promise  for  future 
applications  because  of  its  controllability  and  quality  of 
the  electron  beauL  Studies  showed  the  optimized  LWFA 
required  laser  pulse  length  ranges  from  10  fs  to  lOOfs, 
plasma  density  10^^  -  10^^  cm’^  with  several  centimetres 
long  plasma  channel  [5-6].  The  quality  of  the  electron 
beam  to  inject  into  such  LWFA  is  one  of  the  major 
challenges  to  realize  GeV  plasma  accelerator.  To  reduce 
the  energy  spread  due  LWFA,  the  injected  electron  beam 
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bunchlength  should  be  much  shorter  than  the  plasma 
wavelength.  The  plasma  wavelength  and  channel  size  also 
put  the  stringent  requirement  on  the  transverse  emittance 
of  the  electron  beam. 

We  propose  a  plasma  channel  LWFA  experiment  at  the 
NSLS  DUV-FEL  facility  to  demonstrate  the  feasibility  of 
pre-bunched  beam  injection  and  phase  lock.  The  DUV- 
FEL  facility  is  uniquely  qualified  for  the  proposed 
experiment  because  of  high-biightness  electron  source 
and  synchronized  femto-second  TW  laser  system.  In  the 
following  sections,  we  first  describe  the  Bl^  DUV-FEL 
facility  and  possible  laser  upgrade  for  the  LWFA, 
followed  by  ultra-short  (10  fs)  electron  beam  generation 
using  the  longitudinal  emittance  coii5)ensation  technique; 
then  we  will  describe  the  proposed  LWFA  experiment.  We 
will  also  discuss  the  phase  lock  (timing  jitter)  between  the 
laser  and  injected  electron  beam,  it  is  feasible  to  control 
the  jitter  below  1 0  fs. 

THE  BNL  DUV-FEL 

The  BNL  DUV-FEL  facility  is  a  dedicated  platform  for 
future  light  source  technology  R&D  and  applications. 
The  main  focus  at  the  DUV-FEL  is  to  develop  and  explore 
the  laser  seeded  high  gain  harmonic  generation  (HGHG) 
FEL  technology. 

The  major  components  of  the  DUV-FEL  are  high¬ 
brightness  photocathode  RF  gun  injection  system  (fig.l), 
a  TW  Ti:  sapphire  laser  system,  four  sections  of  SLAG 
type  travelling  wave  linac,  a  four  magnets  chicane  bunch 
compressor  installed  in  the  middle  of  the  linac,  and 
HGHG  free  electron  laser  (fig.2). 

Emittance 

Compensation 


Figure  1:  The  BNL  photoinjector. 

The  DUV-FEL  Ti: sapphire  laser  system  is  capable  of 
delivering  lOOfs  50  mJ  output  at  the  10  Hz.  It  consists  of 
a  Millenium  pumped  Tsunami  oscillator,  a  single  grating 
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Stretcher,  two  grating  compressors.  Two  frequency 
doubled  Nd:YAG  pump  lasers  (GCR150  and  GCR170),  a 
regen  and  two-stages  of  double-pass  amplifier. 

The  oscillator  generate  80'-100fs,  8nJ  pulse  train  with 
81.6  MHz.  The  oscillator  is  synchronized  with  the  RF 
system  of  the  linac.  The  laser  pulses  pass  a  Faraday 
isolator  before  they  are  sent  to  stretcher.  After  the 
stretcher,  the  pulse  is  200ps,  4nJ.  The  pulses  are  then  sent 
to  the  regen.  In  the  regen,  two  Pockels  cells  are  used  to 
trap  and  dump  the  laser  pulse  in  a  repetition  rate  of  lOHz. 
The  pulse  energy  is  about  2.5  mJ  after  the  regen.  The 
output  after  the  two-stages  of  double  pass  amplifier  is 
about  70  mJ.  The  amplified  output  is  divided  into  two 
beams,  compressed  separately  with  two  independent 
compressors.  One  compressor’s  output  is  used  to  drive  the 
photocathode  RF  gun,  and  the  other  is  used  for  high  gain 
harmonic  generation  (HGHG)  FEL,  or  other  laser  based 
experiments,  such  as  proposed  LWFA  here. 

Initially,  the  proposed  LWFA  experiment  will  be 
performed  using  the  present  laser  system.  We  also 
examine  the  possible  laser  upgrade  for  100  MeV  to  1  GeV 
LWFA  experiment.  The  proposed  upgrade  will  take  place 
in  two  steps.  First  we  would  like  to  upgrade  the  present 
oscillator  with  shorter  output  pulse  length,  reducing  the 
pulse  length  from  100  fs  down  to  50  fs.  To  minimize  the 
cost,  the  oscillator  pump  laser  and  RF  synchronization 
system  will  be  re-used.  The  second  part  of  the  upgrade 
will  increase  the  output  energy  to  500  mJ  or  more.  A 
vacuum  based  compressor  will  also  be  added. 

ULTRA-SHORT  ELECTRON  BEAM 
GENERATION 

To  keep  the  accelerated  electron  beam  energy  spread  on 
the  order  of  a  few  percent,  the  electron  beam  bunch  length 
less  than  one  tenth  of  the  plasma  wavelength  is  required. 
That  means  a  the  injected  electron  beam  should  have  a 
few  fs  long  bunch  length. 


Though  optical  laser  injectors  [4]  have  been  explored 
for  LWFA.  Large  energy  spread  and  relative  low  energy 
make  it  challenging  to  preserve  both  transverse  and 
longitudinal  emittance  before  injected  into  the  LWFA.  We 
propose  an  alternative  technique  to  generate  10  fs  electron 
bunch  at  150  MeV  for  20  pC  charge  based  on  the 
longitudinal  emittance  compensation  techniques  [7]. 

Our  previous  study  shows  that,  10  fs  electron  bunch  can 
be  generated  at  40  MeV  [8]  using  the  longitudinal 
emittance  compensation.  To  minimize  the  space  chaige 
effect  and  generate  proper  energy  chirping,  the  electron 
beam  is  produced  using  a  relative  long  laser  (8ps  FWHM) 
in  the  photocathode  RF  gun  at  the  near  zero  crossing 
phase  (12°).  Electron  beam  first  compressed  in  the  RF 
gun  as  it  is  rapidly  accelerated.  The  beam  produce  by  the 
RF  gun  will  be  continually  compressed  if  the  first  section 
of  the  linac  after  the  RF  gun  is  operating  at  the  off-crest 
(70°).  The  basic  idea  of  the  longitudinal  emittance 
compensation  is  the  bunch  compression  is  accompanied 
by  the  acceleration  simultaneously.  The  photoinjector 
(fig.l)  is  ideal  suit  for  this  purpose,  the  solenoid  magnet 
for  the  transverse  emittance  compensation  is  now  used  to 
control  the  beam  bunch  lengthening  due  to  the 
divergence. 
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Figure  3:  Electron  beam  bunch  length  as  the  function  of 
the  distance  along  the  linac. 
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Fig.3  shows  the  electron  beam  bunch  length  evolution 
along  the  linac.  The  last  three  sections  of  the  linac  are 
used  to  accelerate  the  electron  beam  and  minimize  the 
energy  spread.  The  energy  spread  at  the  150  MeV  is  about 
0.1%, 


Energy  spread  vs.  Z 


Z(cni) 


Figure  4:  Electron  beam  energy  spread  as  the  function  of 
the  distance  along  the  linac. 

Using  longitudinal  emittance  compensation  technique 
will  also  allows  us  to  minimize  the  transverse  emittance 
because  of  the  coupling  between  the  transverse  and 
longitudinal  emittance.  Fig.5  shows  the  emittance  as  the 
function  of  the  distance  along  the  linac,  the  oscillation  of 
the  emittance  inside  the  linac  is  due  to  the  lack  of 
focusing.  The  final  emittance  <0.5  mm-mrad. 


Figure  5:  Transverse  emittance  as  the  function  of  the 
distance  along  the  linac. 

PRE-BUNCHED  LWFA 

The  combination  of  femtosecond  TW  laser  and  ultra- 
short  electron  beam  at  the  BNL  DUV-FEL  facility  will 
make  it  extreme  attractive  to  perform  the  pre-bunched 
LWFA  experiment. 

The  proposed  LWFA  will  use  the  pre-formed  plasma 
channel  developed  at  the  NRL  [9].  Table  I  summarize  the 
laser  and  plasma  channel  parameter  for  the  experiment. 
For  4  cm  long  interaction  and  0.5  TW  laser  power,  15 
MeV  energy  gain  is  expected  (fig.6). 

Many  fundamental  issue  of  GeV  LWFA  can  be  studied 
in  our  initial  experiment,  such  as  emittance  growth, 
plasma  stability  and  phase  locking  between  the  laser  and 
electron  beanL 


We  have  recently  investigated  the  phase  locking  (jitter) 
between  the  laser  and  electron  beam  [10].  Since  the 
electron  is  generated  by  the  same  laser,  the  jitter  is  mainly 
caused  by  the  electron  beam  energy  fluctuation.  Presently 
technologies  existing  to  reduce  this  jitter  below  10  fs. 


Table  1:  Summary  of  the  parameters  of  LWFA. 


Laser  power  (TW) 

0.5 

laser  spot  size  radius  (txm) 

30 

Laser  pulse  length  (FWHM,  fs) 

50-100 

Input  electron  beam  Energy  (MeV) 

150 

Electron  Beam  Bunch  length  (rms,fs) 

10 

Channel  radius  (p-m) 

60 

Plasma  density  on  axis  (l/cm^*) 

8x10" 

Rayleigh  length  (cm) 

0.35 

Interaction  length  (cm) 

4 

Maximum  Energy  gain  (MeV) 

15 

Energy  (MeV) 


Figure  6:  Electron  beam  energy  spectrum  before  and  after 
the  LWFA. 
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CHARACTERISTICS  OF  GRADIENT  UNDULATOR' 

A.  Mikhailichenko,  Cornell  University,  LEPP,  Ithaca  NY  14853,  USA 


Abstract 

Undulator/wiggler  having  the  same  polarities  of  magnetic 
field  in  opposing  though  medial  plane  poles  can  be  used 
for  generation  radiation  which  intensity  is  a  function  of  the 
beam  size  and  displacement.  Characteristics  of  such 
device  analyzed  here  analytically  and  by  tracking. 

INTRODUCTION 

Utilization  of  quadrupole  wiggler  is  an  interesting 
option  for  broadening  the  bandwidth  of  pick-ups  in  fast 
feedback  systems  [1]  and  for  beam  alignment  [2].  Such  a 
wiggler,  which  is  a  sequence  of  ordinary  focusing  and 
defocusing  quadrupoles,  generates  a  radiation,  which 
depends  on  the  beam  shape  and  position. 

Although  in  such  system  radiation  for  two  transverse 
coordinates  can  be  easily  distinguished  by  polarization, 
desire  to  have  sensitivity  to  one  coordinate  only  is  always 
an  option.  In  [3]  a  device,  called  gradient  undulator,  was 
described  for  the  first  time.  Practical  utilization  of  this 
device  suggested  in  [4]. 

Here  we  will  concentrate  our  attention  on  practical 
aspects  of  design  and  properties  of  magnetic  fields  in 
gradient  undulator.  The  test  was  also  included  trajectories 
analyses,  which  was  carried  out  numerically  on  the  basis 
of  real  3D  model.  Knowing  the  real  trajectory  allows 
finding  radiated  field  instantly  in  principle. 

ANALYTICAL  CONSIDERAIONS 

Let  us  consider  first  some  simple  aspects  of  symmetry 
of  gradient  undulator/wiggler  in  comparison  with  usual 
dipole  wiggler;  both  are  represented  in  Fig.l. 


Figure  1:  Dipole  wiggler,  upper  one  and  gradient 
undulator/wiggler,  lower.  Beam  is  moving  along  x  -axis. 
Normal  to  the  drawing’s  plane  is  z -direction. 


In  gradient  wiggler,  the  longitudinal  field  B/yjhas 
nonzero  value  at  the  plane  {jc,  z},  but  now  wiggling 
amplitude  linearly  increasing  with  y  coordinate  following 
B/y). 

Using  Maxwell’s  equation  divB^Q  and 

after  some  algebra  one  can  obtain  analytical  field 
expression  for  gradient  wiggler  with  wide  poles  as  the 
following  [5,  6] 

"  (2k)! 


kmO 


(1) 


'  ^0  (2k +  1)! 

For  demonstration,  fields  (1)  can  be  represented  in  lowest 
order  as  the  following 

BJx,y)  =  B(x)-^B''(x)+^B^^'>(x)-...  (2) 

By( X,  y)=‘-y  B'( x) +-^B"(x)  -^B^''\x)  - ... 

One  can  see  from  here,  that  gradient  in  y  direction 
associated  with  B*(x),  For  example  if  dependence  in  jc 

direction  is  periodic,  J5(jc)  =  the  last 

determines  the  gradient  iny  direction  as 


(3) 


So  we  are  coming  to  fundamental  conclusion  for  this  type 
of  wiggler,  that  the  gradient  is  proportional  to  the 
longitudinal  field  and  reciprocally  proportional  to  the 
period. 

If  the  field  is  time  dependent,  then  the  following 
substitution  needs  to  be  done  in  all  formulas  [6] 


d^^Bjx) 


dx^ 


{dx^ 


±A- 

c'  dt^ 


2  ^ 


B(x,t) » 


where  c  stands  for  the  speed  of  light.  Odd  derivative 
obtained  by  taking  integral  over  jc  in  this  combination. 


HARDWARE  ASPECTS 

Let  us  consider  now  more  or  less  realistic  model  of 
such  a  wiggler.  Orientation  of  the  poles  is  represented  in 
Figures  1  and  2.  This  model  has  not  associated  with  any 
specific  project,  but  taken  for  example  only. 


^Extended  version  is  available  at  http://www.lns.comell.edu/public/CBN/2003/CBN03-l/CBN03  1  .ndf .  Work 
supported  by  NSF. 
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Figure  2  (Color):  View  to  the  gradient  wiggler  model. 

Particles  are  moving  along  x,  Pole  size  in  z  direction  is 
±  15  cm  (=30cm),  radiuses  of  cylinders  4  cm,  coil  cross- 
section  is  2x  2.3  cm^,  period  =24.84  cm,  gap  between 

poles  ±3.5  cm.  Coil  cross  section  is  a  rectangle  with 
dimensions{xxy}  =  {2x2.5}cw^.  Yoke  plate  ends  at 
1 5  cm  from  medial  plane  y^O, 

This  wiggler  is  not  sensitive  to  z-  position  of  the  particle, 
giving  linear  dependence  in  radiated  field  across  y 
direction.  Radiation  in  this  wiggler  is  polarized  along  z  - 
axis.  Yoke  modeled  by  soft  Steel  1010.  Total  current 
running  in  central  coil  is  60  kA-Tums,  what  suggests 
utilization  of  SC  windings.  All  field  calculation  done  with 
3D  code  MERMAID. 


*  i 

:  _  _  -  - _ _  _  ♦ 

w 

;c 

Figure  3  (Color):  Lines  of  magnetic  field  in  central  plane 
of  wiggler,  z=0.  Half  of  the  wiggler  is  shown;  right  side  of 
the  plot  is  a  plane  of  symmetry  along  x.  Radiuses  of  the 
poles  are  4  cm,  period  -25  cm.  Gap  between  coils  0.5  cm. 
Length  of  the  pole  in  z  direction  is  ±  15  cm.  Particles  are 
moving  from  the  left  side,  {xz,  y=0}  represents  medial 
plane. 


Figure  4  (Color):  Vectorial  representation  of  the  fields 
in  the  gap  of  11 -pole  gradient  wiggler  inside  the  3D 
volume  {x=0-150;y=±3;z=±24}  cm.  Medial  plane 
of  the  wiggler  {x,  z}  runs  at  y=0. 


fkUs  ilong  'fhgjK  U  y«2ci>,LO 


Figure  5  (Color):  Field  graphs  for  y=+2  cm,  z=0.  Half 
wiggler  is  shown  as  in  Figure  3.  Center  is  at  the  right  side 
of  the  plot  at  75  cm.  comes  to  it’s  maximum, 

indeed  comes  to  zero.  Basically  8^=0  along  this  axis  as  it 
must  be  according  to  symmetry  properties. 

Wiggler  is  focusing  towards  medial  plane  {x,  z}  in  y  - 
direction.  This  focusing  is  typical  for  any  wiggler  and  is 
proportional  to  the  associated  angle  of  wiggling 
a  =  K // ,  with K -factor  depending  on  vertical  position 
itself 


Figure  6  (Color):  Fields  across  central  pole,  starting  from 
z=0,  y=2  cm.  Material  of  yoke  StlOlO.  Points  at  {x=75, 
y=2,  z=0-24}  cm. 

The  increase  in  By  component  (lower  curve  in  Fig.6)  at  the 
side  of  the  pole  explained  by  the  flux  concentration  here. 
The  flux  expelled  from  central  region  escapes  from  the 

sides.  This  effect  also  generates  component. 

TRAJECTORIES 

Formally,  as  formulas  for  magnetic  field  is  known,  (5),  it 
is  possible  to  make  analytical  calculations  of  particle’s 
trajectory.  We  will  continue  here  our  numerical  exercises, 
however.  Trajectories  calculated  numerically  by  using 
code  UMKA  [7]  on  the  basis  of  MERMAID  3D  field 
calculations. 

One  can  expect,  as  the  field  in  vertical  direction  is  linearly 
varying,  trajectories  with  zero  angle  and  displacement  at 
output  for  one  vertical  input  will  have  different  resulting 
kicks  and  angles  for  other  vertical  input. 
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Figure  7  (Color):  Trajectories  for  different  initial  positions 
in  Y  direction.  There  are  shown  ones  for  =  +0.5  cm, 

+1.0  cm,  +2.0  cm,  -2.0  cm.  The  last  one  corresponds  the 
start  point  below  median  plane.  Beam  energy  2  GeV. 


One  can  see,  that  this  type  of  wiggler  can  also  be  used  for 
fme-tuning  of  dynamic  aperture  of  damping  ring  for  linear 
collider,  typically  overloaded  by  dipole  wigglers. 


RADIATION  AND  ACTION  TO  THE 
PARTICLE 

As  trajectory  z(x)  is  known,  this  allows  calculation  of 


second  derivative  v  =  z(x  =  ct)and  hence,  electric  field. 


Basically  to  obtain  time  structure  at  the  observation  point 
one  needs  to  take  second  derivative  with  graph  in  Fig.7 
and  shrink  this  curve  by  Doppler  factor.  One  can  see  that  a 
single  particle  spectrum  is  the  same  as  in  a  dipole  wiggler 
widi  the  same  trajectory  and  formulas  are  the  same  (see 
for  example  [4]). 

Evidently,  the  frequency  of  radiation 

is  a  function  of  magnetic  field  through 
K  =  93A-By(y)fTesla]'2f^%^[mJ ,  *9is  an  angle  to 


(4) 


observer  (from  x-direction).  So  with  variation  of  y,  K 
factor  also  changes.  If  one  restricts  the  width  at  the  level 
--50%  from  maximal,  then  K'^  ll<\,  and  hence, 

K  <  V2  .  This  limits  either  for  given  amplitude  y  or 


amplitude,  if  is  given.  For  the  wiggler  with  given  field 


at  the  axis  B^  the  broadening  will  be  less  than  50%  for 
amplitudes 


y 


V2-X 


(5) 


where  K^^eB^^/mc' .  For  the  wiggler  considered 
above,  B^-O.ST;  2;rX^^0.25  /«,  and 

amplitude  must  be  j<0.3cw  i.e.  below  3  mm.  For 

narrower  width,  the  amplitude  must  be  restricted 
proportionally. 

In  Optical  Stochastic  Cooling,  OSC,  dependence  of 
frequency  of  radiation  on  amplitude,  might  be  useful  for 


specific  tuning  for  cooling  the  particles  with  large 
amplitudes  only.  Period  of  the  wiggler  must  be  adjusted 
properly,  together  with  angle  of  observation. 

For  OSC,  implementation  of  quadrupole  like  devices 
might  be  interesting  for  reduction  of  radiation  from  cold 
central  part  of  the  bunch.  This  device,  similarly  to  the 
quadrupole  wiggler,  provides  the  energy  shift  as  a  function 
of  particle  displacement  at  location  of  Idcker. 

(6) 

2  Y  2  Y 

where  stands  for  electric  field  strength  in  co- 

directionally  propagating  electromagnetic  wave,  the 
length  of  wiggler  is  L.  One  can  see  that  action  is  also 
linearly  dependent  of  position  of  particle  in  the  gradient 
undulator  or  in  quadrupole  wiggler. 

CONCLUSIONS 

The  device  analyzed  -gradient  undulator/wiggler  can 
be  interesting  not  only  for  the  purposes  of  beam  size 
measurements,  but  also  for  nonlinear  correction  of 
magnetic  properties  in  the  damping  ring  or  in  a  transport 
channel,  acting  in  one  particular  direction  only.  Minimal 
number  of  poles  for  this  puiposes  -three-give  closed 
bump. 

Device  can  be  interesting  for  implementation  into  OSC, 
serving  as  a  pickup  and/or  a  kicker  linearly  (re)acting  to 
the  particle’s  instant  position  in  one  direction. 
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SHORT  X  AND  GAMMA  PRODUCTION  WITH  SWEPT  LASER  BUNCH 

A.  Mikhailichenko,  Cornell  University,  LEPP,  Ithaca  NY  14853,  USA 


Abstract^ 

We  described  here  the  new  way  of  production  of  —  100 
fs  bursts  of  X  and  gamma  radiation  by  Compton  back- 
scattering  of  a  laser  bunch  which  have  been  swept  along 
the  electron  trajectory.  In  the  method  described  the  time 
duration  of  the  secondary  radiation  does  not  depend  on 
electron  bunch  length  and  is  shorter  than  duration  of  the 

primary  laser  bunch  by  factor  1/^^-the  number  of 
resolved  spots  of  sweeping  device  (up  to  1/  1000).  The 
method  of  the  laser  bunch  sweeping  is  also  helpful  in 
obtaining  short  electron  bunches  from  a  photo  cathode. 

INTRODUCTION 

An  idea  on  generation  of  X-rays  and  gammas  by 
Compton  back-scattering  was  developed  many  years  ago 
[1]  ,[2]  and  used  well  in  a  framework  of  gamma-gamma 
collider  activity  [3].  This  idea  was  applied  to  a  circular 
machine  also  [4],  [5].  In  this  method  accommodated  to  a 
circular  machine  the  short  laser  bunch  interacts  with  a 
passing  electron  bunch  with  90®  across  the  laser’s  ray 
trajectory.  In  this  case  the  time  duration  of  the  secondary 
radiation  defined  by  the  time  duty  of  primary  laser 

radiationr  =  or  by  the  length  of  the  laser 

bunch  ,  or  by  the  length  of  the  electron  bunch.  In  any 

case  the  method  requires  either  short  primary  laser  bunch 
and/or  short  electron  bunch  in  some  modification  of  the 
method. 

SCHEME 

In  contrast  to  this  method  mentioned  above,  in  our 
publication  [6]  we  described  so  called  laser  undulator 
installed  in  Tabletop  accelerator.  This  accelerator 
developed  as  a  side  product  in  a  framework  of  high- 
energy  linear  collider  [7-9].  Main  difference  of  our 
proposal  from  others  is  that  here  we  used  swept  laser 
bunch,  having  slope  of  45  degree  to  direction  of 
propagation  in  the  region  of  interaction  between  laser  and 
electron  bunches.  The  laser  bunch  of  this  shape  can  be 
generated  by  appropriately  designed  sweeping  device 
used  in  [7-9]  for  high-energy  accelerator. 


Figure  1:  Three  different  times  sequences  increasing  from  left  to 
the  right.  Laser  bunch  slope  with  respect  to  direction  of 
propagation  is  45  degrees.  Volume  with  electrons  that  radiate 
does  not  depend  on  the  electron  bunch  length  at  all. 


‘  Extended  version  is  available  at 

http://www.lns.comelledu/Dublic/CBN/2002/CBN02-l  l/cbn02!  l.pdf. 


In  our  method  the  time  duration  of  the  secondary 
radiation  is  defined  by  instant  transverse  size  of  the 
primary  laser  bimch  at  location  of  electron  beam 
trajectory,  Fig.l  and  Fig.2.  Meanwhile  the  total  number  of 
radiated  secondary  particles  defined  by  full  length  of  the 
laser  bunch.  With  implementation  to  any  damping  ring  X 
and  gamma  ray  production  with  the  time  duty  of  the  order 
of  100  fs  or  even  better  can  be  obtained  now  with 


Figure  2:  Scaled  view  of  central  part  from  Fig.l . 


Despite  the  primary  laser  bunch  has  the  length  ,  the 

length  of  interaction  (radiation)  region  is  /y  which 

defined  by  the  number  of  resolved  spots  of  sweeping 
device  (see  lower).  One  can  see  that  the  number  of 
electrons  effectively  interacting  with  the  photon  bunch  is 
lower  than  the  bunch  population  in  factor  /y  /  cr^ »  namely 

this  moving  length  /y  describes  radiating  electrons.  This 
active  region  is  moving  with  re-radiated  photons. 


The  arrangements  of  the  scene  are  represented  in  Fig.  3. 
Sweeping  device  deflects  the  front  of  laser  bunch  to  the 
left  on  the  picture  plan;  the  tail  of  the  laser  bunch  is 
deflected  to  the  right  of  the  plan.  Lens  at  the  lower  edge 
of  the  figure  focuses  the  primary  laser  bunch  onto  the 
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interaction  region.  As  far  as  cylindrical  lens,  in  can  be 
mentioned  that  it  is  working  with  broadband  radiation. 
Utilization  of  optical  materials  with  appropriate  frequency 
bandwidth  is  not  a  problem  however.  Scaled  view  on 
cylindrical  lens  is  shown  in  Figure  4. 

Cylindrical  lens  Ellectrcn  bunch 


Laser  bunch 


Figure  4:  Cylindrical  lens  shrinks  the  transverse  size  of 
the  laser  bunch  in  vertical  direction.  Low  dispersion 
material  of  the  lens  allows  proper  focusing  of  short  bunch 

Circular  or  elliptical  polarization  could  be  obtained  also 
if  the  primary  laser  beam  has  circular  or  elliptical 
polarization. 

YIELD  OF  SECONDARY  PHOTONS 

The  photon  generation  in  laser  undulator  could  be 
treated  also  as  Compton  back-scattering.  The  number  of 
photons,  radiated  at  first  harmonic  by  every  particle, 
could  be  written  as 

(1) 

8#r  2 

where  CT^  =  —  Tq  is  Thomson  cross  section  of  photon- 
electron  scattering,  riy^H^  /fiQ).  This  introduces  the 
length  of  interaction  as  usual  =  1  /  (T^riy ,  so  the 
number  of  photons  per  initial  particle  is  simply 

The  energy  of  the  backward  scattered  photon  is  [3,10] 

mc^Y 

For  a  primary  laser  radiation  with  a  wavelength  aroimd 
micrometer,  ttCO^  ~  leF ,  parameters  and  energy  of 
secondary  photons  are  represented  in  Table  1 . 

Table  1 


£;  GeV 

JC 

hof ,  MeV 

0.1 

0.00077 

0,011 

1.0 

0.0077 

0.77 

10. 

0.077 

711 

100. 

0.77 

43370 

lens  and  can  be  estimated  as  --5  //w ,  So  the  effective 
volume  of  interaction  for  single  particle  with  this  30p5- 
laser  flash  could  be  estimated  as 

F  =  1cwx10Q«»2X5//w  =  5-10‘*c?h^.  The  number  of 
primary  photons  can  be  calculated  as 
N /  hco  Q  .  The  photon  density  and  the  length 

of  interaction  go  respectively  riy^N^IV  and  total 
number  of  secondary  photons  goes  to 

=  (3) 

where  =  iV*/^ /cr^  =  ZV/ is  the  bunch 

population.  For  the  laser  flash  with,  say  =  ImJ, 

HOq  =leV ,  each  electron  radiates  in  average 
Ny  =  Gj  Uy  =  8.3  -lO”^  photons  per  pass.  For  N  =  10^® 
this  brings  the  photon  number  to 
=  8.3•10'^^unch/pass.  Suggesting  repetition  rate 
100AZ7z  one  can  expect  the  photon  flux  =  8.3-10’.s“^ 
Total  power  from  laser  goes  to  10/«7xl0^^=1001F. 

These  numbers  gave  an  idea  of  the  possibilities  of  the 
method  proposed. 

The  brightness  of  the  source  can  be  evaluated  as  the 
following 

(4) 


All  secondary  photons  are  moving  in  the  same  sample 
having  the  longitudinal  length  of  Ij  in  Fig.2.  Namely  this 

distance  defines  the  duty  time  for  secondary  radiation. 

For  a  micrometer  level  of  the  primary  wavelength  the 
number  of  resolved  spots  A^^~100  can  be  expected. 
Vertical  size  of  the  laser  radiation  defined  by  cylindrical 


{Y£)<PlY)Y~^  {Y£)'P 

If  we  suggest  that  the  electron  beam  emittance  be 
Y  S  =3*10  cm  •  rad ,  envelope  flmction  in  the  region 
of  interaction  as  >0  =  \cm ,  then  one  can  estimate  for 

r=io" 

5  =  8.3  ■  photons!  cm^ !  rad^  /sec . 

Duty  time  for  these  bursts  of  radiation  is  about  100  fs, 
despite  the  primary  length  of  laser  bunch  is  ~30ps. 

SWEEPING  DEVICE 

The  devices  types  suitable  for  the  sweeping  were 
collected  in  [8].  Each  sweeping  device  uses  controllable 
deflection  of  the  laser  radiation  in  time.  Any  deflecting 
device  could  be  characterized  by  a  deflection  angle  d 
and  the  angle  of  natural  diffraction =  A/a,  where  a 

— is  the  aperture  of  the  sweeping  device,  is  a 
wavelength.  The  ratio  of  deflection  angle  to  diffraction 
angle  is  a  fiindamental  measure  of  quality  for  any 
deflecting  device.  This  ratio  defines  the  number  of 
resolved  spots  (pixels)  along  the  sweeping  line, 

Nj^  =  =  inv .  As  one  can  see,  N ^  value  gives 

the  number  for  the  duty  time  reduction. 

Electro-optical  sweeping  device  uses  controllable 
dependence  of  refractive  index  on  electrical  field  strength 
and  direction  applied  to  some  crystals.  When  a  voltage 
V{t)  applied  to  the  metallization,  the  reflective  index 
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changes  b^n(V(t)) .  To  increase  the 

numbers  ,  At?,  multiple-prism  deflectors  were 
developed,  see  Fig.5. 


Figure  5  [8]:  Prisms  1  with  oppositely  directed  optical 
axes  installed  in  series  between  two  parallel  strip-line 
electrodes  2,  d-is  the  distance  between  them.  Z-  is 
matching  impedance.  Lines  across  the  laser  bunch 
schematically  show  the  wave  fronts.  E^(t  —  y  / c) -is  a 
driving  electrical  field. 


We  suggested  a  traveling  wave  regime  here  to  be  able 
to  sweep  the  short  laser  bunch.  Here  neighboring 
prismatic  crystals  have  oppositely  oriented  optical  axes. 
These  crystals  positioned  between  strip-line  electrodes. 
To  be  able  to  sweep  short  laser  bunches,  the  voltage  pulse 
V  (/)  is  propagating  along  this  strip-line  as  a  traveling 
wave  together  with  the  laser  bunch  to  be  swept,  [8].  This 
gives  the  necessary  voltage  profile  along  the  laser  pulse  at 
cm  distances. 

Deflection  angle  and  the  number  of  resolved  spots 
become 


w 


w-d 


■V .  Nj^  =  An^^X5) 


where  stands  for  full  length  of  deflecting  device,  w-is 
the  laser  beam  width  (along  direction  of  deflection).  The 
broad  band  traveling  wave  deflector  could  be  obtained 
also  if  the  same  crystals  located  in  the  middle  of  a 
waveguide  shortened  jfrom  both  sides  [8].  In  Table  2  we 
summarized  general  parameters  of  electro  optical 
deflectors. 


Table  2 


Waveleng 

th 

Materials 

t? ,  rad 

N, 

o 

Ml 

GoAs,  ZnTe,  ZnS, 
CdS,  CdTe,  CuCl 

0.01-0.02 

10 

X  =  5fin 

LiNbOi,  LiTaO,, 
CuCl 

0.01-0.02 

20 

A  =  1//W 

KDP,  DKDP, 
ADP,  KDA, 
LiNbO^ 

0.01-0,02 

100 

Mechanical  deflection  system  is  also  possible  here  [8]. 

The  same  idea  can  be  applied  to  the  electron  bunch 
production  with  help  of  photocathod,  Fig.  6.  The  shortage 
of  illumination  time  increases  with  increase  of 
illumination  angle  9  in  Fig.  6.  So  one  can  see  that 
practically  any  existing  scheme  can  be  equipped  with  this 
sweeping  device. 


CONCLUSIONS 

The  method  proposed  allows  generation  of  short 
bunches  of  secondary  photons  practically  with  ordinary 
equipment.  Secondary  radiation  duty  is  shorter,  than 
primary  laser  duty  in  300  times  for  visible  light. 
Electro-optical  sweeping  device  is  available  on  the 
market.  The  photon  flux  of  ~30-100  fs  of  X  or  gamma 
radiation  is  big  enough  to  satisfy  the  broad  variety  of 
user’s  needs. 


Figure  6:  Principle  of  photocathod  illumination. 


The  scheme  is  not  sensitive  to  a  jitter  of  laser  or 
electron  beam  as  the  only  a  small  length  of  electron  bunch 
radiates  and  this  duration  time  does  not  depend  on  the 
bunch  length  at  all.  Laser  with  synchronized  modes  can 
generate  necessary  sequence  of  primary  laser  bunches. 

Work  supported  by  NSF. 
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DAMPING  RING  FOR  GENERATION  OF  POSITRONIUMS  AND 
INVESTIGATION  OF  FERMI  DEGENERATION  IN  MOVING  BEAMS 

A.  Mikhailichenko,  Cornell  University,  LEPP,  Ithaca  NY  14853,  USA 


Abstract 

Kayak-paddle  look-like  damping  ring  developed  as 
injector  for  a  laser  driven  linear  accelerator  with 
microstructures  [1],  allows  beam  emittance,  which  is 
defined  by  quantum  effects  in  electron-positron  gas  of 
particles  in  the  bunch.  Utilization  of  co-directionally 
moving  congruent  electron  and  positron  bunches  allowing 
production  of  positronium  beam  with  para- 

positroniums  per  second.  This  arrangement  might  be  a 
step  toward  investigation  of  the  nature  of  Fermi- 
degeneration  in  moving  beams. 

INTRODUCTION 

The  question  about  lowest  possible  emittance  for 
moving  bunch  was  initiated  in  [1],  [2].  This  subject  has 
crucial  importance  for  acceleration  in  microstructures, 
scaled  down  to  the  laser  wavelengths.  Here  also  might  be 
a  chance  for  enhancement  for  all  linear  collider  schemes, 
however.  One  can  see,  that  for  every  scheme  of  LC 
remaining  under  development  now,  utilization  of  beams 
with  smaller  transverse  and  longitudinal  emittances 
allows  to  have  smaller  beam  size  at  IP.  So  even  with 
lowered  bunch  population,  luminosity  can  be  kept  at  the 
same  level  if  emittance  reduced.  Lowering  the  number  of 
particles  in  the  bunch  makes  the  beam  more  stable  during 
acceleration.  Lowering  the  bunch  population  also  reduces 
a  problem  with  intra-beam  scattering  phenomena  in 
damping  ring-injector. 

Extreme  among  coolers  was  so  called  Kayak-paddle 
cooler  first  described  in  [3]  and  accommodated  for  laser 
driven  linac  business  in  [4].  It  was  found,  that,  formally, 
minimal  phase  volume  occupied  by  single  particle  is 
limited  by  opening  angle  of  radiation  only  and  might  be 
very  close  to  the  -ft /me .  Namely  this  fact  forced  us  at 
this  point  to  investigate  quantum  limitations  associated 
with  Fermi  nature  of  electron  gas. 

MINIMAL  NUMBER  OF  PARTICLES 

Minimal  number  of  particles  required  for  collision  can 
be  defined  as  the  following.  In  a  moving  frame  the 
minimal  uncertainty  in  definition  of  transverse  position 
can  be  estimated  as  a  %^-h/mc  -Compton  wavelength, 
leaving  uncertainty  for  transverse  momentum  as  me. 
Meanwhile  spread  of  transverse  momentum  for  colliding 

beam  at  IP  is  mey^^/ .  For  typical  emittance 
value  y^W ,  Sl0'”cw  -beta 

fimetion  at  IP,  p^^mc-\Qr  ^  i.e.  much  more  than  defined 
by  uncertainty.  Minimum  number  of  particles  N  can  be 
found  fi-om  luminosity  required  k  A7iK\L/n  f ,  where 
/  is  a  repetition  rate,  k  is  a  number  of  bunches  per  train. 
For  IslO”,;^100Hz,  w=10,  i\^^4•10^  So  only  half  of 


a  million  particles  is  enough  for  successful  operation. 
With  such  amount  of  particles  all  collective  phenomena 
vanished.  We  also  mentioned  in  [4]  that  the  lowered 
emittance  with  reduced  number  of  particles  can  be 
obtained  by  scrapping  all  extra  particles  obtained  from 
usual  beam  injectors.  Phase  density  will  remain  the  same 
however. 

RF  structure-to  beam  energy  transfer  reduction  is  not  a 
problem  as  the  productivity  of  equipment  estimated  by 
resulting  liuninosity.  Lowering  the  bunch  population 
increases  effective  accelerating  gradient  due  to  lower  RF 
loading  and  less  phase  shift  required  by  BNS  mechanism. 

FERMI-DEGENERATION 

Naturally,  electron  gas  when  it  is  cooled  will  be 
crystallized  if  it  is  not  neutralized.  There  are  two  ways  for 
neutralization.  First  is  neutralization  by  ions,  second  one  - 
usage  of  co-directionally  moving  electron-positron 
bunches.  In  last  case  creation  of  positroniums  is  the  main 
process  accompanying  the  cooling. 

For  neutralization  by  ions  for  bunch  with  electron 

density  4  is  the  bunch  length,  cr^ is 

transverse  dimension,  ion  density  «. ,  must 
hQZ.n.y  =  nf^/y ,  eZ,. -  ions  charge.  It  yields  that  ion 
density  small  value  as  w.  ^ 

Z  =  10\  Z,  =  10 .  This  defined  by  emittance  dilution  as  a 
result  of  collisions  during  damping  time. 

Ideal  electron  gas  defined  as  a  having  no  interactions 
between  particles  [6].  As  the  collisions  do  not  change 
distributions  as  far  as  they  are  elastic,  they  just  equalizing 
the  temperature  among  degrees  of  freedom.  That  is  why 
Fermi-degeneration  of  electron  gas  can  be  described  so  as 
the  electrons  have  no  interactions. 

It  was  shown  in  [1]  for  the  first  time,  that  there  exists  a 
strong  quantum  limitation  for  the  lowest  emittances  in  the 
beam  like 

where  {y£s)-l^b(Apf invariant  longitudinal 
emittance,  Ap/ p^-x^z.  relative  momentum  spread  in  the 
bunch,  ye^  and  ^_^-are  the  transverse  horizontal  and 

vertical  emittances.  Formula  (1)  describes  the  electron  gas 
trapped  in  limited  space  volume  and  each  particle  can 
reach  every  point  in  the  phase  space.  Electron  gas 
temperature  T  in  case  of  disperse  motion  can  be  written 
similar  to  as  it  was  done  in  [1] 

\m^sN-mSy  .  (2) 

A  A  Kr  /Po ) 

Basically  the  difference  connected  with  the  fact  that 
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longitudinal  mass  is  m:' =-{- — n=^—.  One 

'  J  I 

can  easily  recognized  here  invariants  introduced  in  [7]. 
So,  these  invariants  are  just  temperature  of  moving  bunch. 

What  is  important  here  is  that  3D  case  can  be  convolved 
in  2D  one  by  operation  at  critical  energy  only,  when 

rj  =  l/y^ ,  In  this  case  longitudinal  temperature  formally 
becomes  equal  to  zero.  As  the  auto-phasing  is  not 
working  here,  stability  can  be  arranged  by  feedbacks. 
Linear  motion  like  in  pure  focusing  channel  formally  also 
cannot  be  treated  like  2D,  due  to  a  0  in  this  case.  For  a 
two-dimensional  phase  space  emittances  now  limited  by 
(r^x)(r^y)^(y2)(27rXc?N,  (3) 

The  last  also  could  be  obtained  from  (1)  supposing 
Ap^h/l^.  For  equal  emittances  this  comes  to 

;«,a:2;rX<,Vi^=1.7-lCl'Viv.  For  A^IO'",  ^,^1.7.10-* 

cm  rad.  We  will  see  lower,  that  Kayak-Paddle  cooler  has 
adequate  emittances.  Fermi  energy  is  [6] 

or  E,=cp,=Q^rtc,)'\  (4) 

where p  =  TV/ cr\lly  is  the  bimch  density.  The  last  works 
if  the  particles  in  the  rest  frame  are  relativistic.  So  for 
degeneration  as  the  temperature  must  be  k^T  ^  Ep  .  Fermi 
energy  must  be  small  compared  with  Coulomb’s  energy 
of  interaction  between  particles,  so  e^ ! «Ep, 

Substitute  here  (4)  one  can  obtain  that  p»{alXfSf , 

a  =  e^ ! he  ^\I\2>1 ,  The  last  condition  well  satisfied  at 
high  densities. 

KAYAK-PADDLE  COOLER 

This  type  of  cooler  was  introduced  in  [3]  and  described 
in  [4].  Here  we  will  give  more  details  on  its  hardware. 
Specific  shape  of  this  cooler  naturally  gave  its  name. 


Figure  1:  Top:  A  Kayak-paddle  cooler  [3].  At  the  lower 
part  the  sketch  of  more  conservative  design  is  represented. 


In  Fig.  1  straight  sections  are  the  same.  Two  of  these 
sections  joint  by  (semi)  arcs.  Straight  sections  made  as  a 
sequence  of  wigglers  and  accelerating  structures,  installed 
along  straight  line  and  having  the  bends  at  the  end.  Bends 
made  with  many  short  period  divisions  to  prevent 
emittance  dilution.  Conservative  scheme  is  more 
expensive,  but,  probably,  is  easy  in  tuning. 

The  cooler  gives  emittances  obtained  after  considerations 
of  radiation  dynamics  for  a  single  electron  in  plane 
wiggler  as  [3] 

{ys, )  s  (K)  •  X  (1  +  Kl  /  2)K,  IX  (5) 


{ye,)^0{)^XcPyKJX,  (6) 

where  ^^^-are  averaged  envelope  functions  in  the 
wiggler.  K  =  eH^A^  / Inmc' ,  -is  the  magnetic  field  in 
the  wiggler,  A^-is  the  wiggler  period.  The  last  formulas 
together  with  the  cooling  time 

cr^,=(K)*(Xt/roKV),  (7) 

defines  the  cooling  dynamics  under  SR,  Substitute  for 
estimation  » 1  w,  X  s  5cm ,  K  s  1 ,  one  can  obtain  for 
quantum  emittances  the  following 

[y€^)=Q5'\{fcm'rad,  J  =  2  •  10“^°c/w  •  rad . 


Figure  2:  Bending  area  for  co-directionally  moving 
electrons  and  positrons.  RF  moved  in  arcs. 


One  can  see  that  quantum  limitations  for  the  lowest 
emittance  are  important  here.  We  also  conclude,  that 
coupling  is  allowable  for  the  cooling  business. 

Motion  in  straight  section  filled  with  wigglers  and  RF 
cavities  defined  by  specific  lengthening  is  =K^  times 
higher,  than  for  free  space, 

det  + 


So  the  RF  phase  shift  variation  due  to  deviation  of 
energy  from  equilibrium  while  passing  the  distance  ds  is 

«  SI  In  Ay  . 

=  =  (9) 

where  A  is  the  wavelength  of  accelerating  RF  structure. 
As  a  result  one  can  obtain  the  pendulimi  equation  for 
energy  deviation  in  terms  of  accelerating  wavelength 

d^jAyly)  IneEASinip^  l  +  K^  f Ay')  .jqx 

d^(sl X)  mc^y  y^  I  /  J 

By  this  procedure  (wigglers  and  RF)  longitudinal 
frequency  can  be  kept  high,  so  longitudinal  motion  can 
act  on  scene. 


Figure  3:  Elements  of  helical  wiggler  and  helical 
quadrupole  core  cold  mass.  Beam  is  moving  in  vacuumed 
chamber.  Windings  done  with  SC  wires. 


In  addition  to  the  helical  dipole  windings,  the  core 
contains  the  helical  quadrupole  windings  too,  Fig.3. 
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Proposal  to  use  helical  quadrupole  for  particle 
confinement  has  a  long  history  and  was  mostly  in  use  in 
plasma  business.  Utilization  of  helical  magnets  for 
particle  accelerators  described  in  [8].  Usage  of  helical 
quadrupole  and  dipole  is  preferable  due  to  simplified 
technology.  Even  in  absence  of  artificial  coupling  there  is 
a  coupling  by  IBS  like  (l  +  K; /2)£yP^  =  ,  [4].  That  is 

why  full  coupling  allowed  here. 


for  simplicity  and  trivial  nature  (the  same  for  Fig.  1). 


Wigglers  and  Rf  Cavities  Electrons 


Heiicol  Urdulctor  o'  Solenoid 


Wigglers  and  Rf  Cavities  Positrons 

>-e«!fiTy7timoo[]3d'fiTn~frciO^tr]T0TT!rD3[jadT>7TTrTTtecQt3^^ 


Figure  4:  Extreme  ring  for  demonstration  of  Fermi- 
degeneration  and  positronium  generation. 


GENERATION  OF  POSITRONIUMS 

Cross  section  for  para-positronium  has  dependence  like 
where  Vj,^j  is  relative  velocity  of 

particles  [6].  Ortho-positronium  decays  in  three  gammas 
and  has  suppression  factor  as  fine  structure  constant 
,  a  =  e~  /he .  Transverse  velocity  in  Lab 
fi-ame  is  v^^cK/y,  where  K  is  undulatority  factor 
defined  earlier.  So  the  cross  section  goes  to 

a^^^nrlylK.  (11) 

The  luminosity  for  single  bunch  intrabeam  collisions  in  a 
cooler  could  be  estimated  like  [4] 

r 

is - ,  (12) 


For  parameters  considered  above,  (7)  L  =  lO^^cm^s"^ .  This 
defines  the  number  of  positroniums  ~  lO^s"^ . 

Lifetime  of  the  beam  for  gamma  decay  defined  by 
lifetime  of  positroniums  and  by  direct  reaction  of  two- 
photon  annihilation.  The  ratio  between  last  ones  defined 

by  where  yf(r)-\/^fmexp(-r/a)  isapsi- 

function  of  ground  state  of  positronium,  and  stands  for 
electron-positron  density,  a-Tk^/a  is  the  Bohr’s 
radius  of  positronium.  Lifetimes  of  positroniums 
=2h/  me'  «  1 .23 1 0“*®  s  (para,  two  gammas). 


=1.4-10"^  s,  (ortho,  three  gammas). 

If  positronium  is  not  decayed  and  coming  to  splitting 
magnet  it  can  simply  continue  straight  motion  out  of  the 
ring  or  be  split  for  electron  and  positron.  The  field  value 
in  soft  bend  (Fig.2)  must  satisfy  condition  Hy^e/a/  . 
This  gives  if  ^  4.4*10Vy'  [G].  Otherwise  magnetic  field 
of  magnet  will  pull  apart  electron  and  positron. 


EXTREME  RING 

Now  we  are  ready  to  introduce  some  extreme 
configuration  dedicated  exclusively  for  the  purposes  of 
positronium  generation  Fig.  4.  This  is  basically  ^e  same 
straight  sections  as  in  Fig.l  arranged,  however  for 
electrons  and  positrons  have  individual  channels. 

Operation  of  this  ring  is  clear  fi-om  described  above, 
however.  In  helical  wiggler  (undulator)  positrons  and 
electrons  are  rotating  in  the  same  direction,  what  gives 
same  preference  with  solenoid. 

For  injection  usual  hardware  can  be  used.  Positrons  and 
electrons  obtained  in  external  accelerators,  not  shown  here 


This  ring  gives  one  ray  of  gammas  and  positroniums. 
Interest  for  positronium  generation  is  shown  in  [9]  also. 

CONCLUSION 

In  this  publication  we  introduced  a  plan  for  dedicated 
ring  construction  for  investigation  of  Fermi  degeneration 
in  moving  beams.  This  is  a  part  of  big  scheme  for 
obtaining  the  ultra-cold  beams  allowing  drastic  decrease 
of  number  of  particles  required  for  collision  and/or 
reduction  of  the  acceleration  wavelength. 

The  work  supported  by  NSF. 
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LONGITUDINAL  DYNAMICS  IN  AN  FFAG  ACCELERATOR  UNDER 
CONDITIONS  OF  RAPID  ACCELERATION  AND  FIXED,  fflGH  RF 

S.  Koscielniak*,  TRIUMF,  Vancouver,  B.C.,  Canada 
C.  Johnstone,  FNAL,  Batavia,  IL  60510,  USA 


Abstract 

A  signature  of  fixed-field  acceleration  is  that  the  orbit 
of  the  beam  centroid  unavoidably  changes  with  energy. 
The  corresponding  change  in  pathlength  results  in  phase 
slip  relative  to  the  fixed-frequency  accelerating  waveform. 
Nevertheless,  depending  on  the  location  of  the  fixed-points 
of  the  motion,  synchronous  or  asynchronous  cross-crest  ac¬ 
celeration  is  possible  for  a  limited  number  of  turns.  The 
possibility  of  asynchronous  rf  can  be  understood  simply 
by  realizing  that  for  acceleration  in  a  single  pass,  the  ini¬ 
tial  cavity  phases  can  be  set  to  exactly  compensate  for  the 
phase  slip.  The  present  work  explores  the  influence  of  the 
path-length  fixed  points  and  of  rf  manipulations  on  the  lon¬ 
gitudinal  dynamics  in  FFAGs. 

INTRODUCTION 

In  a  regime  where  acceleration  is  completed  in  a  few 
turns  or  tens  of  turns,  cost/technology  constraints  imply 
that  both  the  magnetic  field  and  the  radio  frequency  are 
fixed  and  that  the  particle  beam  transits  the  radial  aperture 
during  acceleration.  The  fastest  acceleration  and  the  most 
effective  use  of  voltage  arises  during  on-  or  cross-  crest  op¬ 
eration.  If  one  abandons  the  constraint  of  isochronous  or¬ 
bits,  as  is  inevitable  for  highly-relativistic  beams,  there  is 
much  range  for  creativity  in  design  of  the  magnet  lattice 
and  the  phase-slip  profile.  However,  simplifying  concepts 
such  as  rf  buckets  and  phase  stability,  etc.,  no  longer  apply. 

A  very  important  feature  of  fast  acceleration  is  the  free¬ 
dom  to  cross  betatron  resonances.  In  a  non-scaling  Fixed- 
Field  Alternating  Gradient  (FFAG)  accelerator,  the  optics 
change  slowly  with  energy,  crossing  resonance  tunes,  and 
the  orbit  pathlength  is  parabolic  as  a  function  of  energy. 
Variable  optics  allow  the  machine  lattice  to  be  built  from 
linear  magnetic  elements  only  with  a  corresponding  large 
dynamic  aperture.  The  nonscaling  FFAG  is  of  particular 
interest  because  it  provides  an  opportunity  to  consider  the 
nature  and  location  of  fixed  points  of  a  strong  nonlinear 
oscillator  as  the  model  for  the  longitudinal  dynamics. 

DIFFERENCE  EQUATIONS 

On  the  “central  orbit”  accelerating  cavities  are  spaced 
a  distance  Lq  apart  and  are  driven  at  angular  frequency  uj 
with  peak  voltage  V.  In  the  ultra-relativistic  limit,  non- 
isochronism  results  only  from  path  length  dependence  on 
energy  lsL{E).  We  define  Tq  =  Lq/c  and  AT  =  AL/c 

*  TRIUMF  receives  federal  funding  via  a  contribution  agreement 
through  the  National  Research  Council  of  Canada 


with  the  speed  of  light  c.  Let  the  iteration  index  be  n.  We 
introduce  a  relative  time  coordinate  Tn  =  tn—  nTs  where 
Ts  —  2m'K I u)  and  m  —  Integer [cjTo/27r].  In  the  moving 
frame,  the  energy  E  and  arrival  times  are 

En+i  -  En-heV  cos(a;Tn) 

Tn+l  =  Tn  +  AT{En+i)  +  (Tq  —  Tg)  .  (1) 

In  the  synchronous  case  Lq  is  the  only  free  variable;  apart 
from  the  choice  of  a  harmonic  number,  uj  (and  hence  Tg) 
is  determined  uniquely  from  Lq.  In  the  asynchronous  case 
both  Lq  and  cj  retain  the  status  of  free  variables. 

Realistic  equations 

Equations  (1)  are  toy  equations.  They  apply  either  to  a 
linac  of  indefinite  length,  or  to  the  interaction  with  a  single 
cavity  in  a  cyclic  accelerator.  However,  the  condition  of 
periodicity  in  a  cyclic  accelerator  (equipped  with  a  string 
of  cavities)  alloyed  with  near-sychronism  allows  for  greater 
sophistication  in  the  choices  for  the  rf. 

Let  ujTg  =  (2m  +  g)7r  where  m  is  an  integer  and  q 
is  a  fraction.  Let  the  Nc  cavities  each  have  some  ini¬ 
tial  phasing  <j)n  on  the  first  turn.  The  energy  increment  is 
oc  cos[ujTn  -h  {nqir  -h  4>n)]-  If  we  set  (j)n  —  -nqir  then  the 
simple  form  of  equation  (1)  is  recovered.  At  the  end  of  the 
first  turn,  the  beam  starts  to  return  through  the  same  cavi¬ 
ties  a  second  time.  Maintaining  synchronism  has  two  con¬ 
sequences.  Firstly,  for  the  continued  cancellation  between 
{Nc  +  k)q7r  and  it  follows  that  Ncq  =  2M  with  integer 
M  =  0,1, 2,....  Secondly,  if  one  is  to  avoid  a  jumping  of 
the  phase  between  turns  then  Modulo 27r]  ^  d(j)  — 
co{To-Tg). 

In  the  synchronous  case  with  zero  inter-tum  phase  jumps 
these  conditions  lead  to  a  discrete  set  of  frequencies  lj.  The 
usual  condition  is  to  set  Tg  —  Tq.  Typically  the  reference 
energy  does  not  rise  linearly,  and  the  reference  phase  varies 
in  a  roughly  sinusoidal  fashion.  This  approach  has  the  ad¬ 
vantage  that  phase  deviation  moduli  never  exceed  7r/2  and 
negative  energy  increments  are  not  encountered. 

However,  it  can  be  advantageous  to  break  the  condition 
of  zero  inter-tum  phase  jump,  and  to  loosen  the  stricture  on 
q  and  In  this  asynchronous  case,  each  line  u  is  broad¬ 
ened  into  a  narrow  continuum.  Careful  choice  may  narrow 
the  excursions  about  the  crest  of  the  wave  and  facilitate 
a  reference  orbit  for  which  cos(a;Tn+0ri)  =  1  Vn  .  (2) 

Best  frequency  and  initial  phases 

Suppose  acceleration  is  to  be  accomplished  in  two  turns. 
One  may  fake  an  exact  (2)  by  (i)  setting  the  fixed  radiofre- 


0-7803-7738-9/03/$17.00  O  2003  IEEE 


1831 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


quency  to  the  ideal  value  for  the  second  turn,  and  (ii)  by 
adjusting  the  initial  phases  at  injection  so  that  cavity  phases 
are  correct  during  the  first-turn  passage  of  the  reference 
particle.  When  acceleration  extends  over  more  than  two 
turns  one  may  hope  to  share  the  deviations  from  (2)  more 
or  less  equally  among  the  turns  by  careful  choices.  This 
ambition  becomes  less  achievable,  the  larger  is  the  number 
of  turns  Nt^  “Best  freauency  and  phases  strategy”  refers 
to  maximising  S  =  cos[wr^®f  +  4>k]  with  respect 

to  u)  and  (l>k  under  the  assumption  that  we  attempt  to  force 
the  reference  particle  to  arrive  at  cos(^)  =  1.  This  is  ac¬ 
complished  in  a  statistical  sense;  although  many  terms  are 
close  to  unity  others  will  deviate.  Generally,  as  the  number 
of  turns  is  increased  so  the  distribution  grows  until  zero  or 
even  negative  terms  appear  in  the  sum  S  (i.e.  phase  devia¬ 
tion  moduli  exceed  n/2). 

INFLUENCE  OF  FIXED  POINTS 

To  what  degree  equations  (1)  are  useful  for  acceleration 
depends  on  the  nature  and  location  of  the  sets  of  first-order 
fixed  points  which  are  the  solutions  of  and 

Tn+i  =  Tn.  In  what  follows,  we  shall  describe  how  the 
algebraic  form  AT{E)  influences  cross-crest  acceleration. 
Manipulation  of  AT{E)  is  really  a  matter  for  the  magnet 
lattice  designer,  so  part  of  the  discussion  is  hypothetical. 

Synchronous  and  asynchronous  rf  are  equally  valid. 
However,  for  examples  we  adopt  the  synchronous  case  be¬ 
cause  the  absence  of  inter-tum  phase-jumps  will  generate 
a  simpler  and  more  continuous  phase  space.  Nevertheless, 
the  influence  of  the  T^+i  =  fixed  points  is  equally  im¬ 
portant  to  the  asynchronous  case. 

Linear  path  dependence 


striking  new  feature  of  the  phase  space  is  a  serpentine  libra- 
tion  that  flows  along  y  ~  +2,  -2,  -|-2,  -2, . . .  while  x  in¬ 
creases  without  limit.  This  meander  feature,  emphasised  in 
figure  2,  can  be  used  to  augment  the  range  of  acceleration. 
A  beamlet  introduced  at  {x,y)  =  (-1,  -2)  may  be  later 
extracted  at  to  (1,2).  Because  there  are  two  =  Tn 
fixed  points,  there  are  two  reversals  of  the  phase-slip  di¬ 
rection.  Thi  is  an  advantage  because  it  allows  the  beam  to 
cross  the  waveform  crest  three  times  before  the  phase  slips 
to  values  where  the  beamlet  is  decelerated.  The  width  of 
the  meander  varies  weakly  with  the  voltage. 


Figure  1:  Phase  space  of  Figure  2:  Manifold  of  ser- 
quadratic  pendulum  pentine  libration 


In  the  case  of  a  scaling,  radial-sector  FFAG,  orbits  are 
staggered  radially  outward  as  a  function  of  momentum  and 
the  orbital  change  can  be  approximately  linear  with  en¬ 
ergy.  For  linear  path  dependence  AT  =  a{E  -  Ec), 
equations  (1)  correspond  to  motion  within  a  stationary  r.f. 
bucket.  Ec  is  the  energy  of  the  central  orbit.  A  beamlet  in¬ 
jected  at  bucket  bottom  will  be  accelerated  to  the  bucket  top 
during  one  half  synchrotron  oscillation.  The  beam  twice 
crosses  the  crest  of  the  voltage  waveform;  and  those  mo¬ 
ments  correspond  to  the  maximal  acceleration  rate.  The 
minimum  voltage  occurs  when  bucket  height  is  set  equal  to 
the  difference  of  extraction  and  injection  energies. 

Quadratic  path  dependence 

The  case  of  quadratic  path  length  dependence  on  energy 
is  important  since  it  corresponds  to  that  of  the  non-scalling 
FFAG  type  accelerator,  which  is  considered  for  rapid  accel¬ 
eration  of  muonsfl,  2,  3].  Figure  1  show  the  phase  space 
generated  by  the  model  equations  y  (x{E  —  Ec)  and 

dy/ds  oc  cos(a:7r/2)  ,  dx/ds  oc  —  1  .  (3) 

There  are  two  elliptic  and  two  hyperbolic  fixed  points. 
There  is  libration  and  rotation,  as  in  the  linear  case,  but  a 


Figure  3:  Phase  space  of  Figure  4:  Phase  space  of 
cubic  pendulum,  a  =  1  quartic  pendulum,  a  =  1/3 

Cubic  path  dependence 

Consider  the  model  equations: 

dy/ds  oc  cos(a;7r/2)  ,  dx/ds  a  y(\  —  a^y^)  .  (4) 

As  the  cubic  parameter  a  is  increased,  the  ^  0  fixed 

points  come  to  dominate  the  motion.  For  example  a  =  1  in 
figure  3.  The  acceleration  range  diminishes  but  some  of  the 
phase-space  paths  become  almost  vertical  which  facilitates 
faster  acceleration.  Moreover,  there  are  some  phase  pro¬ 
files  which  cross  the  crest  four  times  which  implies  more 
effective  use  of  the  accelerating  voltage. 

Quartic  path  dependence 

Consider  the  model  equations: 

dy/ds  oc  cos(a;7r/2)  ,  dx/ds  oc  y^il-a^y^^)-!  .  (5) 

As  a  approaches  ~  1/3,  the  quartic  fixed  points  (i.e. 
at  large  |^1)  begin  to  dominate  the  phase  space  motion; 
and  a  bi-serpentine  libration  emerges  with  twice  as  many 
manders,  as  shown  in  figure  4.  The  beamlet  injected  at 


1832 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


(x,y)  =  (1, -3.5)  is  extracted  at  (—1,3.5).  The  phase 
profile  crosses  the  crest  of  the  waveform  five  times,  and  the 
acceleration  range  is  extended  toy  =  ±3.5.  Thus  four  re¬ 
versals  of  phase-slip  direction  is  advantageous;  because  it 
allows  the  beamlet  to  cross  the  crest  five  times  before  the 
phase  slips  to  values  where  deceleration  occurs. 

From  these  examples  we  have  seen  the  general  features: 
(i)  number  of  crest  crossings  equal  to  one  plus  the  order 
of  the  polynomial,  and  (ii)  meanders  only  occur  for  even 
orders. 

PARTICLE  TRACKING 

As  a  particular  example,  we  take  a  non-scaling  FFAG  of 
2  km  circumference  and  path  length  variation  AL{E)  up 
to  50  cm  (120°  of  rf  phase).  The  machine  has  300  cells 
and  200  MHz  rf  cavities.  Particle  tracking  was  completed 
both  for  asynchronous  and  synchronous  rf  for  acceleration 
completed  in  a  number  of  turns  ranging  from  two  to  ten. 
Figures  5,6  and  figs.  7,8  show  the  beam  centroid  motion 
for  the  asynchronous  and  synchronous  cases,  respectively. 


phose/Zn  phase/Zn 


Figure  5:  Phase  portrait  for  Figure  6:  Phase  portrait  for 
2-5  turns  acceleration.  6-9  turns  acceleration. 
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Figure  7:  Phase  portrait  for  Figure  8:  Phase  portrait  for 
3-6  turns  acceleration.  7-10  turns  acceleration. 

Table  1  captures  the  variation  of  output  emittance  with 
voltage  per  turn  and  number  of  turns.  The  table  is  un¬ 
able  to  indicate  the  emittance  quality;  to  what  degree  the 
phase  space  is  distorted,  whether  there  are  voids  or  tails, 
etc.  However,  an  indication  of  relative  quality  is  given  in 
figures  9,10  and  11,12  for  asynchronous  and  synchronous 
rf,  respectively. 

For  five  or  less  turns,  the  output  emittance  for  the  asyn¬ 
chronous  scheme  is  superior.  For  six  and  seven  turns,  the 
emittance  quality  is  comparable  for  the  two  schemes.  For 


eight  or  more  turns,  the  output  emittance  is  superior  for  the 
synchronous  rf  scheme. 


Figure  9:  Input  emittance  Figure  10:  Output  emittance 
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Figure  11:  Input  emittance  Figure  12:  Output  emittance 


Table  1:  Comparative  performance 


Turns 

# 

over 

factor 

volts 

GV 

emittance 
eV.s  [Asynk] 

emittance 
eV.s  [Synk] 

4 

1.10 

3.850 

0,2590 

0.3150 

5 

1.15 

3.220 

0.5114 

0.3520 

6 

1.15 

2.683 

0.4701 

0.4580 

7 

1,20 

2.400 

0.4646 

0.4518 

8 

1.25 

2.187 

0.1479 

0.2962 

9 

1.30 

2.022  ^ 

0.1806 

0.2684 

10 

1.30 

1.820 

- 

0.1017 

CONCLUSION 

The  “fast  regime”  in  a  fixed-field  accelerator  opens  a  new 
frontier  of  beam  dynamics  in  which  non-linear  pathlength 
variation  with  energy  and  fixed  radio-frequency  combine  to 
give  a  longitudinal  phase  space  that  is  both  useful  for  accel¬ 
eration  and  rich  in  new  physics.  We  have  categorized  the 
motion  in  terms  of  its  fixed  points;  and  we  have  developed 
a  context  for  the  “best  frequency  and  phases”  rf  strategy 
that  emphasises  the  distinction  between  sjmchronous  and 
asynchronous  rf.  Finally,  for  the  quadratic  pathlength  de¬ 
pendence  in  a  non-scaling  FFAG  we  have  compared  the  rel¬ 
ative  performance,  in  identical  machines,  of  synchronous 
and  asynchronous  rf  schemes. 
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Abstract 

This  report  describes  how  one  can  integrate  the  muon 
absoiber  with  the  focusing  coils  of  a  SFOFO  muon 
cooling  channel  [1].  The  absorber  material  must  be  a  low 
Z  material  that  reduces  the  muon  momentum  with 
minimum  scattering.  The  best  materials  to  use  for  muon 
ionization  cooling  absorbers  are  hydrogen,  helium, 
lithium  hydride,  lithium,  and  beryllium.  Hydrogen  or 
helium  in  an  absorber  would  normally  be  in  the  liquid 
state.  Lithium  hydride,  lithium,  and  beryllium  would 
normally  be  in  the  solid  state.  This  report  limits  the 
absorber  materials  discussed  to  hydrogen,  helium,  lithium, 
and  beryllium.  In  order  to  achieve  the  same  level  of 
ionization  cooling  with  a  solid  absorber  as  a  liquid 
hydrogen  absorber,  the  beta  of  the  muon  beam  must  be 
reduced  more  than  a  factor  of  two.  This  affects  both  the 
designs  of  the  absorber  and  the  magnet  around  it. 
Reducing  the  beam  beta  reduces  the  momentum  acceptance 
of  the  channel.  Integration  of  a  liquid  hydrogen  absoiber 
and  solid  absorbers  with  a  superconducting  focusing 
solenoid  is  discussed.  The  choice  of  absorber  material 
affects  the  design  of  the  superconducting  focusing  magnet 
and  the  superconductor  that  is  used  to  generate  the 
magnetic  field. 

MUON  IONIZATION  COOLING 

Ionization  cooling  has  been  selected  as  a  cooling 
method,  because  stochastic  cooling,  electron  cooling  and 
laser  cooling  take  a  long  time  (>1  sec)  compared  to  the 
life  of  a  muon  (2.1  ^is  for  a  muon  at  rest).  When  a  muon 


enters  a  material,  energy  is  lost  along  the  track.  This 
means  that  both  longitudinal  and  transverse  momentum 
are  lost  as  the  muon  passes  through  the  cooling  material. 
If  the  muon  is  re-accelerated  in  the  longitudinal  direction, 
the  loss  of  transverse  momentum  is  retained  and  beam 
cooling  has  been  achieved.  Coulomb  scattering  of  the 
muon  beam  in  the  material  counters  the  effect  of  cooling. 
If  the  emittance  lost  is  greater  than  emittance  gained  due 
to  scattering,  net  ionization  cooling  results. 

An  equation  that  describes  ionization  cooling  can  be 
stated  as  follows  [2]: 


de 


'x,N 


1  e 


x,N 


dz  0"  E  [dz\ 


dE 


(O.OUGeVf 


(I) 


where  is  the  muon  emittance;  p  =  v/c;  E  is  the  muon 
energy;  is  the  transverse  beam  beta,  m  is  the  mass  of 


a  muon  and  Lr  is  the  radiation  length  of  the  absorber. 

The  term  with  the  minus  sign  on  the  right  hand  side  of 
Equation  1  is  the  cooling  term;  the  term  on  the  right  hand 
side  of  Equation  1  with  the  plus  sign  is  the  coulomb 
scattering  term.  For  rapid  ionization  cooling  one  needs 
strong  focusing  in  order  to  achieve  a  low  value  of  and 
on  wants  to  have  a  high  value  of  Lr,  which  implies  that 
one  wants  to  use  a  low  Z  material  for  doing  the  cooling. 
In  general,  cooling  is  proportional  to  the  number  of 
electrons  in  the  atom.  Coulomb  scattering  is  proportional 
to  the  number  of  charged  nucleons  in  the  atom  squared 
Thus  hydrogen  is  the  best  material  to  use  for  ionization 
cooling.  Table  1  compares  the  properties  of  a  number  of 
liquid  and  solid  absorbers. 


Table  1.  A  Comparison  of  the  Properties  of  Various  Absorber  Materials 


Material 

dE/dx 

(MeVg-1  cm') 

Lr 

(g  cm'') 

Density 

(g  cm'') 

Length  for 

10  MeV  of 
Absorption 
(cm) 

Equilibrium 
Cooling  Factor 

4.12 

61.3 

0.0708 

34.28 

1.000 

Liquid  Helium 

1.94 

94.3 

0.125 

41.24 

0.524 

1 

1.89 

79.3 

-0.78 

6.78 

0.352 

Lithium 

1.65 

82.8 

0.534 

11.35 

0.268 

Beryllium 

1.61 

85.2 

1.848 

3.36 

0.172 

Aluminum 

1.62 

24.3 

2.70 

2.28 

-0.05 
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Table  1  compares  various  liquid  and  solid  materials  that 
can  be  used  for  muon  ionization  cooling.  The  last 
column  in  Table  1  compares  the  relative  emittance 
reduction  to  the  equilibrium  value  (the  value  where 
coulomb  scatting  exactly  matches  the  cooling  term). 
From  Table  1,  one  can  see  that  hydrogen  should  be  twice 
as  good  as  any  other  cooling  material.  This  is  not 
completely  true  because  liquid  hydrogen  must  in  a  leak 
tight  container.  Helium  must  also  be  contained. 

Safety  requirements  dictate  that  a  hydrogen  absorber 
must  have  two  sets  of  windows,  the  primary  hydrogen- 
windows,  and  safety-windows.  The  two  windows  are 
separated  by  a  vacuum  space  that  is  directly  connected  to  a 
volume  that  is  at  least  50  times  the  absorber  volume. 
Safety  standards  dictate  that  both  windows  must  be 
designed  to  have  a  burst  pressure  that  is  four  times  the 
design  pressure  for  the  windows.  Safety  standards  require 
the  hydrogen  absorber  to  have  a  design  working  pressure 
of  0.17  MPa  (25  psig).  If  the  hydrogen  and  safety 
windows  are  fabricated  from  6061  aluminum,  their 
thickness  will  be  of  the  order  of  300  \im.  If  an  alloy  in 
the  2090  or  2190  series  can  be  used,  the  window  thickness 
can  be  reduced  to  about  130  p-m.  There  are  two  question 
concerning  the  2090  and  2190  aluminum  alloys.  Can  they 
be  machined  to  a  thickness  of  130  microns  and  can  they 
alloy  be  welded  to  6061  aluminum?  For  an  absorber  that 
is  3(X)  mm  thick,  the  6061  windows  will  reduce  the 
relative  cooling  factor  from  1.000  to  0.693.  If  the  2190 
series  of  aluminum  windows  can  be  used  the  cooling 
effectiveness  is  increased  to  0.815. 

If  helium  is  used  to  cool  the  muons,  the  total  window 
thickness  can  go  down  a  factor  of  four.  The  effectiveness 
factor  for  helium  absorbers  with  6061  and  2190  windows 
would  be  0.447  and  0.478  respectively.  Testing  an 
absorber  with  liquid  helium  is  an  option  in  an  experiment 
such  as  MICE  [3],  but  the  use  liquid  helium  absorber  are 
limited  by  the  transfer  of  heat  from  the  absorber  to  a 
cooling  medium  of  two-phase  liquid  helium  [4].  Table  2 
compares  the  thermal  conductivity  k  and  the  available  AT 
for  heat  transfer  out  of  the  absorber  for  five  candidate 
absorber-materials  [5].  The  product  of  AT  and  k  is  the 
heat  transfer  potential  for  the  absorber.  The  higher  this 
product  the  better.  In  general,  a  helium  absorber  is  not 
viable  for  a  high  power  cooling  channel  or  a  ring  cooler. 

Of  the  materials  shown  in  Table  1,  only  lithium  hydride 
is  questionable  in  its  application  for  absorbers.  Lithium 
hydride  is  not  as  reactive  as  lithium,  but  it  produces  more 
hydrogen  when  it  reacts  with  water.  Lithium  hydride 
generally  comes  in  pellet  form,  which  can  be  a  safety 
hazard.  Lithium  hydride  melts  at  680  C  decomposes  at 
about  745  C.  Lithium  hydride  would  be  difficult  to 
handle  in  the  molten  state.  It  also  may  be  difficult  to 
encase  lithium  hydride  in  alunainum  because  of  its 
tendency  to  form  lithium-aluminum-hydride.  Pellets  of 
lithium  hydride  have  poor  thermal  conductivity.  The 
thermal  conductivity  is  variable  depending  on  the 
hydroxide  content.  Lithium  hydride  should  not  be  ruled 


out  without  more  study,  but  it  has  not  been  included  in 
the  list  of  absorber  materials  shown  in  Tables  2  and  3. 

Lithium  and  beryllium  both  appear  to  be  viable 
materials  for  ionization  cooling.  Lithium  must  be 
encased  to  prevent  oxidation  and  reaction  with  water. 
Thin  aluminum  windows  (say  50  pm)  can  protect  the 
lithium  absorber  from  the  air.  The  case  around  the 
absorber  can  carry  coolant  for  the  absorber.  (Oil  is  a 
recommended  coolant  for  lithium.)  Lithium  in  the  molten 
state  (melting  T  =  180.5  C)  can  be  used  as  an  absorber. 
Molten  lithium  is  used  in  lithium  lenses,  which  cool  the 
beam  while  reducing  the  beam  beta. 

Beryllium,  while  toxic  in  the  form  of  dust,  can  be 
handled  safely  in  block  form.  The  melting  temperature  of 
beryllium  is  1553  K  (1278  C),  which  means  that  radiation 
cooling  is  an  option  for  many  absorbers.  Water-cooling 
pipes  can  be  attached  a  copper  sheath  around  a  beryllium 
absorber.  No  absorber  windows  are  needed. 

The  use  of  solid  absorbers  is  only  attractive  if  one  can 
reduce  the  transverse  beam  beta  .  A  strong  focusing 
solenoid  is  needed  to  reduce  the  beam  beta  in  a  solid 
absorber.  A  small  beta  in  one  part  of  a  cooling  cell 
implies  that  there  will  be  a  large  beam  beta  in  another  part 
of  the  cooling  cell.  The  large  beam  beta  in  another  part  of 
the  cooling  cell  (such  as  the  RF  cavity  iris)  will  limit  the 
momentum  acceptance  of  the  cooling  channel.  This 
suggests  that  the  use  of  solid  absorbers  would  be  more 
attractive  in  later  cooling  stages  of  a  copling  channel. 

COOLING  IN  MICE 

The  proposed  Muon  Ionization  Cooling  Experiment 
(MICE)  allows  one  to  compare  the  cooling  performance  of 
various  absorber  materials.  The  predicted  cooling  for  the 
MICE  channel  with  an  average  momentum  of  200  MeV/c 
and  a  beam  beta  of  420  mm  in  the  absorber  is  shown  in 
the  first  column  of  Table  2.  The  MICE  channel  cooling 
channel  cools  far  from  the  equilibrium  emittance.  This  is 
apparent  when  one  compares  hydrogen  and  helium 
cooling.  Note:  the  beam  beta  in  the  MICE  channel  is  too 
large  for  any  cooling  to  occur  with  an  aluminum  absorber. 
MICE  should  be  able  to  demonstrate  cooling  using 
hydrogen,  helium,  and  low  Z  solid  absorbers. 


Table  2.  A  number  of  Material  Parameters 
For  Five  Absorber  Materials 


Material 

MICE  Cooling 
Factor 

(%) 

k 

(Wm-’K*') 

AT 

(K) 

LH2 

-12.9 

-0.113 

-5.0 

LHe 

-11.0 

-0.029 

-0.7 

Li 

-9.5 

85.9 

-120 

Be 

-6.0 

218 

>800 

A1 

+13.4 

236 

>400 
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Table  3.  Focus  Coil  Cxirrent  Density,  Focus  Coil  Peak 
Induction,  and  the  MICE  Channel  Momentum  Acceptance 
as  a  fimction  of  Beam  Beta  at  the  Absorber  Center 


)8x 

Focus  Coil  J 

Coil  Bp 

Ap/p 

(mm) 

(A  mm’^) 

(T) 

(±%) 

420 

107 

6.27 

25 

255 

127 

7.44 

20 

160 

141 

8.26 

17 

103 

156 

9.14 

14 

55 

177 

10.37 

8 

Average  muon  momentuih  =  200  MeV/c 


Figure  1 .  A  Cross-section  of  a  MICE  Focusing  Magnet 
around  a  Liquid  Hydrogen  Absorber 

Simulations  of  the  MICE  channel  have  been  made  for 
various  cases  where  the  beam  beta  is  changed  in  the 
absorber  [6].  Table  3  shows  the  MICE  focusing  coil 
current  density  and  peak  induction  in  the  windings  for 
various  values  of  the  absorber  beam  beta  for  a  muon  beam 
with  an  average  momentum  of  200  MeV/c.  The  final 
column  shows  the  momentum  acceptance  of  the  MICE 
channel  as  a  function  of  beam  beta  at  the  center  of  the 
absorber  within  the  focusing  magnet. 

Since  the  MICE  coils  shown  in  Figure  1  are  made  from 
niobium  titanium,  the  average  coil  current  densities  and 
peak  induction  in  the  windings  shown  in  Table  3  are  not 
realistic  for  beam  betas  less  than  250  mm.  In  order  to  do 
the  lowest  beam  beta  experimental  cases  in  MICE,  the 
average  momentum  of  the  MICE  beam  must  be  reduced 
The  case  where  the  transverse  beam  beta  is  55  mm,  will 
have  an  average  beam  momentum  of  140  MeV/c. 

Figure  2  illustrates  how  one  might  modify  the  MICE 
magnets  so  that  solid  absorbers  can  be  used.  Figure  2 
shows  a  niobium  tin  insert  magnet  installed  in  the 
niobium  titanium  MICE  coils.  The  current  density  in  the 
niobium  tin  winding  can  be  as  high  as  150  A  mm'^,  for  a 
peak  induction  in  the  niobium  tin  coil  as  high  as  1 1  T. 


Figure  2.  A  Cross-section  of  the  MICE  Focusing  Magnet 
with  a  NbsSn  Insert  Coil  and  a  Beryllium  Absorber 

Figure  2  illustrates  the  kind  of  magnet  design  that  must 
be  considered  in  order  to  utilize  solid  absorbers  in  the  later 
stages  of  a  muon  cooling  channel,  where  a  lower 
momentum  acceptance  can  be  tolerated. 

CONCLUDING  COMMENTS 

Hydrogen  is  the  best  material  to  use  for  ionization 
cooling  of  muons.  The  use  of  liquid  hydrogen  is  advised 
in  the  first  stages  of  a  muon  cooling  channel  or  ring 
cooler.  Solid  absorbers  can  be  used  to  effectively  cool 
muons,  provided  one  is  willing  to  operate  the  focusing 
magnets  at  higher  fields  and  tolerate  a  lower  momentum 
acceptance.  The  focusing  magnet  around  the  absorber  can 
be  smaller  than  the  magnet  proposed  for  the  level  II  study 
and  MICE.  The  inner  focus  coils  will  probably  have  to 
be  made  from  niobium  tin. 
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LATTICIES  FOR  MILLI-eV  NEUTRAL  MOLECULES  * 


H.Nishimura,  G.Lambertson,  J.G.Kalnins,  and  H.  Gould,  LBNL,  Berkeley,  CA94720,  USA 


Abstract 

An  electric  dipole  moment  of  neutral  polar  molecules  in¬ 
teracts  with  non-uniform  electric  field;  therefore  it  is  pos¬ 
sible  to  design  electrodes  that  replace  magnets  for  charged 
particles  and  a  lattice  that  is  a  series  of  electrodes  to  cir¬ 
culate  such  molecules.  We  describe  our  recent  result  of 
designing  a  ring  for  CH3F  in  comparison  with  our  previous 
design  for  ND3. 


STARK  POTENTIAL 

The  interaction  between  the  dipole  moment  of  a  neutral 
polar  molecule  and  an  external  electric  field  is  defined  by 
the  Stark  potential  W.  As  a  dipole  always  lines  up  to  the 
field  direction,  the  potential  VF  is  a  function  of  the  field 
strength  E  =  |^|  of  the  external  field  iS,  The  x  force  is 
given  by:  =  -dWjdx  =  ~dW{E)ldE  •  dE/dx  and 

similarly  for  y  and  z.  The  molecule  is  called  strong-seeking 
if  dW{E)/dE  >  0,  or  weak-seeking  if  dW{E)/dE  < 
0.  ND3  is  an  example  of  the  weak-seeking  case  with  the 
following  potential: 


—  y/Ci  -f  C2E^  —  Cz  —  C/^E^  (1) 

where  E  =  0\,  Ci  =  2.77  •  =  6.35  • 

10-60,  C3  =  5.26  •  10-25  and  C4  =  1.78  •  IQ-^. 

CH3F  is  an  example  of  the  strong-seeking  case  with  the 
following  potential: 


1  -h  C2Wa 


(2) 


In  Type  3,  Fq  A2  determines  the  bending  radius  and  A3  be¬ 
comes  a  knob  to  adjust  the  focusing  forces.  In  arc  sections 
we  use  cylindrical  geometry  for  calculations  and  the  poten¬ 
tial  differs  slightly  from  Eq.3.[2].  There  is  also  focusing  in 


A2=:0  A2=0  A2<0 

A3>0  A3<0  A3  adjustable 

Figure  1 :  Electodes 

the  direction  of  the  the  fringe  field  at  each  longitudinal  end 
of  an  electrode.  It  is  approximated  for  small  excursions, 
numerically  integrated  and  replaced  by  a  thin  lens  on  or 
near  the  edge.  It  acts  as  a  vertically  focusing  lens  for  weak- 
seeking  molecules  and  defocusing  for  strong-seeking  ones. 
See  [2]  and  [3]  for  details. 

STORAGE  RING 

Design  Principles 

Requirements  We  require  the  lattice  to  provide  the 
following. 

(1) Dispersion-free  long  straight  sections  for  injection,  RF 
bunchers  and  beam  experiments. 

(2) Adjustable  betatron  tunes  and  beta  functions. 

(3) Tolerance  for  the  effect  of  the  gravity  force. 


where  tUo  =  deE/R,de  =  1.86  x  3.36- 10“^°,  F  =  0.85  x 
1.99  •  10-23,  Cl  =  -0.2085  and  C2  =  0.2445. 

ELECTRODE 

There  are  3  kinds  of  static  electrodes  shown  in  Fig.l. 
The  type  1  and  2  electrodes  are  lenses  to  focus  or  defo¬ 
cus  the  beam  in  the  transverse  planes.  For  weak-seeking 
molecules,  IVpe  1  is  horizontally  defocusing,  2  is  focus¬ 
ing,  and  3  deflects  towards  the  right.  For  strong-seeking 
molecules,  the  forces  are  reversed.  The  fields  from  these 
electrodes  are  gradients  of  the  following  potential: 


Solutions  Solutions  we  have  adopted  are: 

(1) Achromatic  arc:  Adjusting  the  horizontal  betatron  phase 
advance  in  each  arc  to  be  a  multiple  of  27r,  the  straight  sec¬ 
tions  become  dispersionless.  The  vertical  phase  advance  is 
also  tuned  in  the  same  manner  to  keep  the  vertical  closed- 
orbit  distortion(COD)  due  to  the  gravity  in  a  reasonable 
range. 

(2)  A  triplet  of  focusing/defocusing  straight  electrodes  on 
each  end  of  long  straight  sections  to  adjust  betatron  tunes 
and  beta  functions. 

(3)  Vertical  orbit  correction  to  compensate  the  effect  of 
gravity  if  needed. 


^{x,y)=  -Eo{y  +  A2y  +  A3{x‘^y-^y^) 

+A5{x^y  -  2x2j/5  _|_  (3) 

*  Woric  on  the  synchrotron  storage  ring  is  supported  by  the  Director, 
Office  of  Science,  of  the  U.S.  Department  of  Eneigy,  and  work  on  the 
linear  decelerator  is  supported  by  the  Director,  Office  of  Science,  Office 
of  Basic  Eneigy  Sciences,  of  the  U.S.  Department  of  Energy;  both  under 
Contract  No.  DE-AC03-76SF00098. 


Storage  Ring  for  NDz 

In  case  of  a  weak-seeking  molecule,  the  bending  elec¬ 
trode  can  be  focusing  in  both  horizontal  and  vertical  planes. 
Therefore,  it  is  possible  to  design  a  storage  ring  lattice  with 
arc  electrodes  that  bend  the  beam  through  a  laige  angle  [1]. 
The  ring  has  the  racetrack  shape  shown  in  Fig.2.  Straight 
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Figure  2:  Storage  Ring  Lattices 


sections  are  40  cm  long.  Acceptances  are  35  mm  •  mrad 
horizontal  and  71  mm  •  mrad  vertical  at  its  nominal  veloc¬ 
ity  of  90  m/sec.  Other  ring  parameters  are  listed  in  Table.  1, 
Simple  adjustments  allow  one  to  reduce  the  velocity  to  60 
m/sec  [2]. 


Storage  Ring  for  CH^F 

For  the  strong  seekers,  a  bending  electrode  can  not  fo¬ 
cus  in  both  planes  simultaneously.  Therefore,  the  arc  must 
be  an  alternating  sequence  of  focusing(BF)  and  defocus- 
ing(BD)  bending  electrodes;  four  ceils  with  90  ®  phase  ad¬ 
vance  make  up  a  45  °  arc  sector  with  radius  60  cm.  Parame¬ 
ters  listed  in  Table. (2).  As  a  result,  the  CH3F  ring  becomes 
much  larger  than  the  ND3  ring  as  shown  in  Fig.  2. 


Figure  4:  Beta  and  Dispersion  of  the  CH3F  Ring 

The  horizontal  beta  becomes  large  at  Q2  which  would 
cause  strong  amplitude-dependent  tune  shift.  Therefore, 
the  As  component  is  introduced  to  Q2  to  reduce  the 
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Table  1:  Ring  Parameters 


Paramter 

ND3 

CH3F 

Circumference  (m) 

3.357 

9.850 

Circulation  period  (s) 

0.0380 

0.3121 

Velocity  in  free  space  (m/s) 

90.0 

30.0 

Symmetry  of  the  ring 

2 

8 

Bending  radius  (m) 

0.20 

0.60 

Long  Straight  Section  (m) 

0.40 

0.40 

Beta  horizontal  (m) 

1.264 

0.274 

Beta  vertical  fiy  (m) 

0.513 

0.596 

Horizontal  dispersion^  (m) 

0.001 

0.000 

Horizontal  tune: 

5.250 

13.368 

Vertical  tune:  Vy 

5.200 

10.398 

Chromaticity  -  H: 

-0.0885 

-73.8 

Chromaticity  -  V:  (y 

-0.0942 

-38.1 

Momentum  compaction:  a 

-0.99 

-0.899 

Dynamic  aperture  -  H:  ax  (mm) 

6.5 

1.75 

Dynamic  aperture  -  V:  Uy  (mm) 

6.0 

3.50 

Acceptance  -  H:  €x  (mm  -  mr) 

35 

11 

Acceptance  -  V:  €y  (mm  -  mr) 

71 

21 

Table  2:  Bending  Electrode  Parameters  for  CH3F  Rmg,Eo 
in  MV/m,  R  and  L  in  cm,  T  in  degree. _ 


Eo 

A2 

^3 

R 

T 

L 

BF 

4.00 

-10.55 

-2296 

60 

5.625 

7.85 

BD 

4.00 

-10.55 

2343 

60 

5.625 

7.85 

amplitude-dependent  tune  shift  and  increase  the  dynamic 
aperture. 

The  effect  of  gravity  becomes  an  issue  because  of  the 
lower  velocity  of  the  molecule.  In  case  of  the  ND3  ring, 
a  small  0.17  mm  displacement  of  the  closed  orbit  did  not 
require  orbit  correction.  Note  that  in  the  CH3F  ring,  the 
sequence  inside  the  triplets  is  changed  to  D-F-D  as  listed 
in  Table  3.  This  reduces  the  effects  of  edge  focusing  but 
the  vertical  displacement  still  becomes  as  large  as  2.6  mm 
and  the  dynamic  aperture  is  completely  killed.  A  vertical 
kick  is  needed,  one  choice  is  to  shift  Q2  downwards  0.24 
mm  to  reduce  the  orbit  distortion  to  0.26  mm  as  shown  in 
Fig.5.  The  dynamic  aperture  in  Fig.6  is  then  unaffected  by 
gravity. 


Figure  5:  Corrected  Vertical  COD  of  the  CH3F  Ring 

A  buncher  is  a  pair  of  parallel  plates  with  field  pulsed 
in  an  offset  triangular  waveform  that  sweeps  between  zero 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Figure  6:  Dynamic  Aperture  of  the  CH3F  Ring 


structure.  The  higher-order  component  in  a  lens  field,  A5 
in  this  case,  plays  a  crucial  role  in  attaining  a  reasonable 
dynamic  aperture.  The  vertical  closed  orbit  due  to  gravity 
has  to  be  corrected.  However,  in  this  initial  effort,  solutions 
are  found. 
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Table  3:  Parameters  of  Straight  Electrodes  for  CH3F  Ring, 
Eq  in  MV/m  and  L  in  cm.  _ 


Eo 

A2 

Az 

^5 

L 

Ql 

3.34 

0 

2000 

0 

3.0 

Q2 

3.71 

0 

-2000 

-1.283E+6 

4.0 

Q3 

2.85 

0 

2000 

0 

4.0 

and  1.4  MV/m  at  the  bunch  frequency,  625  Hz.  Eight 
bunchers  in  the  ring  (see  Fig.2),  each  1  cm  long,  pro¬ 
vide  205  longitudinal  buckets  to  capture  bunches  that  have 
±1.2%  velocity  spread. 

Source  and  Intensity 

Molecules  from  a  source,  typically  at  310  m/s,  must  be 
decelerated  for  injection  into  a  ring.  A  linear  decelerator 
array  for  this  purpose  consists  of  a  series  of  pulsed  field 
regions.  A  molecule  of  CH3F  will  enter  each  region  at 
zero  field  and  decelerate  upon  exit  at  full  field.  This  se¬ 
quence  is  reversed  for  ND3.  An  a.g,  pattern  of  static  fo¬ 
cusing  lenses  must  be  added  to  confine  the  beam  trans¬ 
versely;  for  CH3F  these  must  also  overcome  the  vertical 
defocusing  from  fringe  fields.  120  pulsed  decelerator  elec¬ 
trodes  and  an  equal  number  of  lenses  are  required  making 
an  array  of  15.1  meter  length.  Bunches  that  emerge  from 
this  are  8  mm  long  spaced  48  mm.  They  are  injected  into 
205  buckets  formed  by  the  bunchers  in  the  ring.  The  in¬ 
jection  kicker  electrode  is  a  section  of  arc  guide  fields  that 
is  turned  off  rapidly  after  the  buckets  in  the  ring  are  filled. 
In  the  deceleration  process,  emittances  of  the  bunches  in 
the  three  orthogonal  momentum-displacement  spaces  are 
conserved.  These  become  the  acceptances  for  molecules  at 
the  source  and  are  amply  filled  by  a  typical  xenon-seeded 
source.  A  CH3F  bunch  will  have  1  x  10"^  molecules.  At  the 
625  Hz  bunch  rate  this  gives  a  circulating  current  of  6  x  10® 
molecules/sec. 
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DISCUSSION 

Designing  a  storage  ring  lattice  for  a  strong-seeking 
molecule  is  far  more  complex  than  that  for  a  weak-seeking 
one.  The  arc  sectors  must  have  an  alternating-gradient 
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Abstract 

In  typical  chirped  pulse  amplification  (CPA)  laser 
systems,  scanning  the  grating  separation  in  the  optical 
compressor  causes  the  well  know  generation  of  linear 
chirp  of  frequency  vs.  time  in  a  laser  pulse,  as  well  as  a 
modification  of  all  the  higher  order  phase  terms.  By 
setting  the  compressor  angle  slightly  different  from  the 
optimum  value  to  generate  the  shortest  pulse,  a  typical 
scan  around  this  value  will  produce  significant  changes  to 
the  pulse  shape.  Such  pulse  shape  changes  can  lead  to 
significant  differences  in  the  interaction  with  plasmas 
such  as  used  in  laser  wake-field  accelerators.  Strong 
electron  yield  dependence  on  laser  pulse  shape  in  laser 
plasma  wake-field  electron  acceleration  experiments  have 
been  observed  in  the  L’ OASIS  Lab  of  LBNL  [1].  These 
experiments  show  the  importance  of  pulse  skewness 
parameter,  5,  defined  here  on  the  basis  of  the  ratio  of  the 
‘head-width-half-max’  (HWHM)  and  the  ‘tail-width-half- 
max’  (TWHM),  respectively. 

INTRODUCTION 

The  details  of  the  time-envelope  function  of  ultrashort 
light  pulses  (‘pulse  shape’)  plays  a  crucial  role  in  many 
nonlinear  optical  phenomena.  Two  light  pulses  with  the 
same  full-width-half-maximum  (FWHM),  but  having 
different  rise-  and  fall-time  characteristics,  or  amplitude 
modulation,  can  lead  to  vastly  different  results  in 
processes  where  the  excitation  in  the  medium  depends 
strongly  on  the  instantaneous  light  intensity.  An  example 
is  the  yield  and  energy  spectrum  of  accelerated  electrons 
in  a  laser  wake-field  accelerator  operating  in  the  self- 
modulated  (SM-LWFA)  regime  [1,2],  where  a  driving 
pulse  with  a  sharp  leading  edge  will  result  in  faster 
growth  of  the  plasma  wake-field,  and  consequently, 
higher  energy  electrons  after  acceleration.  There  are 
several  methods  of  actively  controlling  the  shape  of 
ultrashort  light  pulses,  such  as  frequency-domain  filtering 
and  spectral-to-time  domain  envelope  transfer  by  using 
liquid  crystal  phase  modulators  [3]  and  acousto-optic 
phase  and  amplitude  control  [4].  Here  we  investigate  the 
intrinsic  pulse  shaping  behavior  of  the  most  widely  used 
optical  pulse  compressor  -  the  grating  pair  -  with  special 
emphasis  on  the  pulse  skewness. 


*  This  work  was  supported  by  DOE  Contract  No.  DE-AC-03-76SF0098. 
C.G.R.G.  acknowledges  the  Hertz  Foundation, 
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SHAPE  OF  ULTRASHORT  LIGHT 
PULSES 

The  conventional  description  of  the  propagation  and 
phase  evolution  of  ultrashort  light  pulses  is  based  on  the 
Taylor  series  expansion  of  the  optical  phase  around  the 
center  laser  frequency,  (Oq.  The  properties  of  ultrashort 
(sub- 100  fs  duration)  optical  pulses  strongly  depend  on 
the  higher  order  phase  terms  beyond  the  second  order;  the 
presence  of  higher  order  components  (such  as  ‘cubic’ 
third  order,  or  ‘quartic’  fourth  order)  modifies  the  shape 
of  the  pulse,  resulting  in  modulation,  and  may  even  lead 
to  the  appearance  of  pre-  or  post-pulses  [5-9]. 

Definition  of  Skew 

In  order  to  characterize  quantitatively  the  shape  of  the 
pulse,  it  is  worthwhile  to  introduce  the  skewness 
parameter,  S.  The  simplest,  self-explanatory  definition  of 
S  is  based  on  the  ratio  of  the  ‘tail-width-half-max’ 
(TWHM)  and  the  ‘head-width-half-max’  (HWHM)  of  the 
laser  intensity,  as,  for  example,  5=(TWHM/HWHM)-1.  In 
addition  to  this  heuristic  definition  of  the  skewness,  a 
variety  of  more  rigorous  analytical  expressions  involving 
more  features  of  the  envelope  function,  I(t),  can  be  used. 
In  the  particular  case  of  laser-plasma  accelerators,  the 
following  definition  of  skew  based  on  second  and  third 
order  moments  [10]  proved  to  be  useful: 

S  =  mjn4,'^,  I(t)dt I (1) 

In  practical  cases  the  limits  of  integration,  t^  and  can 
be  set  according  to  the  meaningful  amplitude  level  of  the 
retrieved  pulse  shape  just  above  the  noise  level  of  the 
measurement.  S=0  corresponds  to  symmetric  pulse  shape, 
S<0  describes  a  pulse  with  a  slowly  increasing  front  part 
and  suddenly  dropping  tail,  while  S>0  represents  a  fast 
increase  and  long  tail. 

Skew-flips 

In  a  typical  chirped  pulse  amplification  (CPA)  system, 
the  final  pulse-forming  device  is  the  grating  pair  pulse 
compressor.  In  contrast  to  the  most  simplistic  view,  by 
scanning  the  grating  separation  the  experimenter  changes 
not  only  the  pulse  length  and  the  linear  chirp,  but  also 
modifies  all  the  higher  order  terms  [7-9],  and 
consequently  the  pulse  shapes.  The  effects  on  the  pulse 
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shape  become  negligible  at  settings  far  from  the  shortest 
compression.  On  the  other  hand,  when  the  pulse  duration 
is  in  the  range  of  a  few  times  the  minimum  and  the 
compressor  angle  is  set  slightly  off  from  the  optimum,  or 
when  the  pulse  contains  not  fully  compensated  higher- 
order  terms,  then  a  typical  scan  around  the  shortest  pulse 
will  produce  significant  changes  to  the  pulse  shape.  For 
example,  by  compressing  stretched  pulses  with  a  positive 
bias  third-order  phase  component,  the  pulse  shape  in  the 
course  of  a  compressor  separation  scan  initially  will  be 
skewed  toward  the  head  of  the  pulse  (S>0),  then  flips  to 
become  a  skewed  pulse  at  the  tail  (S<0),  and  finally  flips 
back  again  to  the  original  asymmetric  one  (S>0)  as  the 
solid  curve  shows  in  Fig.  la.  It  must  be  emphasized,  that 
these  changes  of  the  pulse  envelope  are  fundamentally 
different  from  the  well-known  and  widely  used  mapping 
of  the  spectral  amplitude  to  the  time  domain  for  strongly 
chirped  pulses,  where  only  the  dominant,  second-order 
phase  coefficient  plays  any  role  [3]. 


Figure  1:  Pulse  width,  Full-Width-Half-Maximum, 
FWHM  (dashed  curve)  and  skew,  S,  (solid  curve)  of 
ultrashort  pulses  in  a  CPA  system  plotted  around  the  best 
compression  in  the  function  of  the  grating  separation  for 
three  cases  of  third  order  bias  phase  components 


Further  details  of  this  ‘skew-flip’  behavior  can  be 
examined  in  the  three  panels  of  Fig.  1,  which  show  the 
simulated  pulse  shape  dependence  for  ~20  nm  spectral 
bandwidth  during  a  compressor  scan  around  the  shortest 
pulse  for  three  specific  third  order  bias  values.  The 
grating  parameters  are:  groove  density  =  1480  mm‘^ 
angle  of  incidence  =  50.0  deg,  grating  separation  at  the 
shortest  pulse  =  323  mm,  and  X  =  795  nm. 

EXPERIMENTS 

In  a  real  laser  system,  however,  the  situation  is 
complicated  by  the  non-negligible  presence  of  even 
higher  order,  generally  uncompensated,  phase  terms 
beyond  the  third,  associated  again  with  the  material 
dispersion  in  the  components  of  the  laser  system.  The 
solid  curve  in  Fig.  2  shows  the  results  of  a  full  simulation 
of  the  pulse  shape  evolution  in  our  Ti:sapphire  CPA  laser. 
The  squares  correspond  to  measured  data,  averaged  for  5 
laser  shots.  The  pulses  were  fully  characterized  by 
retrieving  the  amplitude  and  phase  functions  from 
Polarization-Gate  Frequency  Resolved  Optical  Gating 
(PG-FROG)  images  [11,12].  The  two  inserts  in  Fig.  2 
show  example  retrievals  at  the  positive  chirp  side  (a)  and 
at  the  negative  chirp  side  (b),  respectively.  While  both 
pulses  have  the  same  FWHM  pulse  duration  (76  fs),  the 
pulse  at  the  positive  chirp  side  has  sharper  rising  edge 
than  the  pulse  with  negative  chirp  -  in  good  agreement 
with  the  simulation  results  and  the  skew  definitions 
above. 
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Figure  2:  Simulated  (solid  curve)  and  measured  (squares) 
skew  of  pulses  in  a  CPA  system  around  the  best 
compression  plotted  in  the  function  of  the  grating 
separation.  Inserts  show  retrieved  amplitude  and  phase 
functions  in  the  time  domain  at  the  marked  relative 
grating  separations,  (a):  -420  pm,  positive  chirp  side,  (b): 
+410  pm,  negative  chirp  side. 
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The  modulations  at  the  rising  edge  of  the  negatively 
chirped  pulse  indicate  the  presence  of  unbalanced  third 
and  higher  order  phase  terms.  These  unbalanced  terms  are 
eventually  responsible  for  the  seemingly  general 
‘chirp/shape’  relationship  of  ‘positive  chirp  =  faster  rise 
time  and  slower  fall  time;  negative  chirp  =  slower  rise 
time  and  faster  fall  time’  observed  in  our  laser  setup. 

It  should  be  noted,  however,  that  for  other  experimental 
parameters  (e.g.,  different  mismatch  of  the 
stretcher/compressor  or  different  stretcher/amplifier  chain 
designs),  balanced  compression  could  manifests  itself 
differently  at  ‘oflF-shortest’  pulse  durations  (off-shortest 
compressor  settings),  leading  to  different  ‘chirp/shape’ 
combinations.  The  above  analysis  shows  the  possibility  of 
laser  pulse  shape  control  by  the  simple  method  of  grating 
alignment  and  change  of  separation  without  the  insertion 
of  sophisticated  pulse  shapers.  For  example,  by 
decreasing  the  angle  of  incidence  on  the  gratings  by  0.6 
degree,  the  effect  of  the  added  (|)3  =  +30000  fs^  third  order 
phase  component  makes  possible  to  generate  positively- 
or  negatively-skewed  pulses  at  different  positions  along 
the  grating  scan. 

SELF-MODULATED  LWFA 

To  illustrate  the  practical  importance  of  the  skewness  of 
ultrashort  laser  pulses,  we  describe  a  strongly  nonlinear 
experiment:  the  acceleration  of  electrons  by  laser 
produced  plasma  wakes  in  the  SM-LWFA  regime.  In  laser 
plasma  acceleration  experiments  at  the  L’ OASIS  Lab  of 
LBNL  (Tirsapphire  CPA  laser  system,  -0.5  J  compressed 
energy  in  >45  fs  pulses,  He  gas  target  excited  by 
-1.5x10^^  W/cm^  peak  intensity),  we  observed  strong 
asymmetry  in  the  yield  of  electrons  and  neutrons 
produced  by  the  accelerated  electrons  of  multiple-tens  of 
MeV  energy  as  a  function  of  the  compressor  scans  [1,2]. 
The  total  charge  of  the  emitted  electrons  has  been  found 
to  depend  strongly,  and  asymmetrically,  on  the  position  of 
the  grating  separation  relative  to  the  optimum  pulse 
compression  setting.  Analytic  modeling  and  simulation 
indicate  that  the  effect  of  the  intrinsic  frequency  chirp  is 
less  important  and  itself  can  not  explain  the  observed 
anomaly  [13].  On  the  other  hand,  taking  into  account  the 
shape  dependence,  it  is  possible  to  explain  the  observed 
asymmetric  enhancement;  according  to  Raman  instability 
analysis,  faster  rise  times  generate  larger  plasma  wakes 
underneath  the  laser  pulse  envelope,  resulting  in  larger 
plasma  waves  and  eventually  larger  electron  yield. 

SUMMARY 

In  conclusion,  we  have  shown  that  appropriate 
knowledge  and  control  of  the  pulse  shapes  in  grating- 
based  CPA  systems  can  be  used  for  optimization  of  a  laser 


wake-field  accelerator.  The  interplay  of  pulse  shapes, 
skewness,  and  sign  of  chirp  can  lead  to  an  enhanced 
growth  of  the  plasma  wake  responsible  for  electron 
acceleration.  In  the  experiments,  pulse  shaping  is 
achieved  with  a  conventional  grating  compressor  scan  by 
intentionally  offsetting  the  higher  order  phase 
components.  This  method  of  higher  order  phase  control  is 
a  simple  alternative  to  the  recently  developed  acousto¬ 
optic  phase  modulation  devices  such  as  the  DAZZLER 
[4,14],  and  can  conveniently  be  used  at  arbitrarily  high 
power  and  energy  levels  limited  only  by  the  damage 
threshold  of  the  compressor  gratings. 

REFERENCES 

[1]  W.  P.  Leemans,  P.  Catravas,  E.  Esarey,  C.  G.  R. 
Geddes,  C.  Toth,  R.Trines,  C.B.  Schroeder,  B.A, 
Shadwick,  J,  van  Tilborg,  and  J.  Faure,  Phys.  Rev. 
Lett.  89, 174802  (2002) 

[2]  W.  P.  Leemans,  D.  Rodgers,  P.  E.  Catravas,  C.  G.  R. 
Geddes,  G.  Fubiani,  E.  Esarey,  B.  A.  Shadwick,  R. 
Donahue,  and  A.  Smith,  Phys.  Plasmas  8,  2510-2516 
(2001). 

[3]  A.  M.  Weiner,  D.  E.  Leaird,  J.  S.  Patel,  and  J.  R. 
Wullert,  IEEE  J.  Quantum  Electron.  28,  908-920 
(1992). 

[4]  F.  Verluise,  V.  Laude,  Z.  Cheng,  C.  Spielmaim,  and  P. 
Toumois,  Opt.  Lett.  25,  575-577  (2000). 

[5]  D.  N.  Fittinghoff,  B.  C.  Walker,  J.  A,  Squier,  C.  T6th, 
C.  Rose-Petruck,  and  C.  P.  J.  Baity,  IEEE  J,  Sel.  Top. 
Quantum  Electron,  4, 430-440  (1998). 

[6]  S.  Backus,  C.  G.  Durfee,  III,  M.  M.  Mumane,  and  H. 
C.  Kapteyn,  Rev.  Sci.  Inst.  69, 1207-1223  (1998). 

[7]  A.  Sullivan  and  W.  E,  White,  Opt.  Lett.  20,  192-194 
(1995). 

[8]  J.  Squier,  C.  P.  J.  Baity,  F.  Salin,  C.  Le  Blanc,  and  S. 
Kane,  Appl.  Opt.  37, 1638-1641  (1998). 

[9]  Cs.  T6th,  D.  N.  Fittinghoff,  B.  C.  Walker,  J.  A.  Squier, 

and  C.  P.  J.  Baity,  in  Ultrafast  Phenomena  XI,  Eds.: 
T.  Elsaesser  et  al.,  (Springer,  Berlin,  1998)  pp.l09- 
111. 

[10]  CRC  Standard  Mathematical  Tables,  Ed.:  W.  H. 
Beyer,  (CRC  Press,  Inc.,  Boca  Raton,  FL,  1981)  p. 
508. 

[11]  D.  J.  Kane  and  R.  Trebino,  Opt.  Lett.  18,  823-825 
(1993). 

[12]  R.  Trebino,  Frequency-Resolved  Optical  Gating 
(Kluwer  Academic,  Boston,  2002),  p.  101. 

[13]  C.B.  Schroeder,  E.  Esarey,  B.A.  Shadwick,  and  W.  P. 
Leemans,  Phys.  Plasmas  10, 285-295  (2003) 

[14]  K.  Ohno,  T.  Tanabe,  and  F.  Kannari,  J.  Opt.  Soc. 
Am.  B  19, 2781-2790  (2002) 


1842 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


A  FUNDAMENTAL  THEOREM  ON  PARTICLE  ACCELERATION 

Ming  Xie,  Lawrence  Berkeley  National  Laboratory,  Berkeley,  CA  94720,  USA 


Abstract 

A  fundamental  theorem  on  particle  acceleration  is  de¬ 
rived  from  the  reciprocity  principle  of  electromagnetism 
and  a  rigorous  proof  of  the  theorem  is  presented.  The  the¬ 
orem  establishes  a  relation  between  acceleration  and  radia¬ 
tion,  which  is  particularly  useful  for  insightful  understand¬ 
ing  of  and  practical  calculation  about  the  first  order  accel¬ 
eration  in  which  energy  gain  of  the  accelerated  particle  is 
linearly  proportional  to  the  accelerating  field. 

INTRODUCTION 

Near  Field  and  Far  Field.-  Electromagnetic  fields  may 
be  separated  into  two  classes,  near  fields  and  far  fields.  By 
this  separation,  we  define  all  radiation  fields  as  far  fields 
for  they  are  capable  of  carrying  electromagnetic  energy  far 
away  from  their  sources,  and  all  the  rest,  therefore,  as  near 
fields.  In  all  conventional  accelerators  near  fields  have  been 
used  for  particle  acceleration.  However,  for  laser  driven 
particle  acceleration,  which  is  characterized  by  the  use 
of  electromagnetic  fields  with  exceedingly  smaller  wave¬ 
lengths,  it  is  becoming  imperative  to  make  far  fields  our 
primaiy  choice. 

Linear  Acceleration  and  Nonlinear  Acceleration.- 

Eneigy  coupling  between  a  far  field  and  a  charged  parti¬ 
cle,  and  hence  the  mechanisms  of  laser  acceleration,  may 
be  separated  into  two  classes,  first  order  or  linear  acceler¬ 
ations  and  nonlinear  accelerations.  By  this  separation,  we 
define  all  acceleration  processes  in  which  energy  gain  of 
the  accelerated  particle  is  linearly  proportional  to  the  accel¬ 
erating  field  as  linear  accelerations,  and  all  the  rest,  there¬ 
fore,  as  nonlinear  accelerations.  In  all  conventional  accel¬ 
erators  linear  accelerations  have  been  used  and  proved  ef¬ 
fective  and  practical.  For  this  reason,  significant  efforts  of 
research  on  laser  acceleration  in  the  past  have  been  ded¬ 
icated  to  the  understanding  and  implementation  of  linear 
accelerations  with  far  fields.  Through  this  collective  ex¬ 
perience  a  few  rules  of  thumb  on  linear  acceleration  have 
been  accumulated  [1]  and  later  summarized  by  Palmer  [2]. 

Energy  Conservation  for  Linear  acceleration.-  Ac¬ 
cording  to  Palmer,  linear  acceleration  is  possible  only  if 
a  particle  would  radiate  in  the  absence  of  an  accelerating 
field  since  the  eneigy  gain  of  the  particle  in  the  presence 
of  an  accelerating  field,  by  energy  conservation,  should 
be  proportional  to  the  interference  or  cross-term  between 
the  accelerating  field  and  the  field  radiated  by  the  particle. 
Palmer  argued  by  pointing  out  that  all  known  mechanisms 
of  linear  acceleration  are  in  one  way  or  another  based  on 


inverse  processes  of  radiation.  From  this  point  of  view,  it 
appears  evident  that  linear  acceleration  is  not  possible  in 
a  field  free  vacuum  since  a  particle  moving  at  a  constant 
velocity  in  vacuum  would  not  radiate. 

Objective  of  This  Article.-  Although  the  point  of  view 
of  Palmer  is  physically  insightful  and  the  argument  empir¬ 
ically  compelling,  a  rigorous  proof  in  a  general  and  use¬ 
ful  form,  despite  earnest  effort  by  Zolotorev  et  al.  [3], 
remains  elusive.  Earlier,  I  pointed  out  [4]  that  the  appar¬ 
ently  intimate  relationship  between  acceleration  and  radia¬ 
tion  can  be  established  fundamentally  and  rigorously  from 
the  reciprocity  principle  of  electromagnetism.  In  this  arti¬ 
cle,  I  present  the  proof. 

Reciprocity  Principle.-  The  reciprocity  principle  of 
electromagnetism  is  rooted  in  a  symmetry  in  the  Maxwell’s 
equations,  a  symmetry  between  two  different  solutions. 
The  principle  has  been  formulated  into  reciprocity  theo¬ 
rems  in  many  different  forms  for  a  wide  range  of  applica¬ 
tions.  Of  these  the  most  well-known  are  perhaps  the  theo¬ 
rem  derived  by  Lorentz  and  another  one  often  attributed  to 
Rayleigh-Carson.  An  extensive  references  on  reciprocity 
theorems  in  electromagnetism  can  be  found  in  [5]. 

Unique  Situation  of  Particle  Acceleration.-  Yet,  de¬ 
spite  the  great  variety  of  reciprocity  theorems  in  existence, 
none  is  applicable  to  the  situation  of  particle  acceleration 
that  we  are  about  to  consider,  for  in  which  we  have  to  deal 
with  a  current  source  of  a  point  charge  which  in  time  spans 
over  an  infinite  region  of  space.  This  intrinsic  difference 
and  its  influence  on  the  ways  we  establish  a  new  reciprocity 
theorem  will  become  self-evident  later  on. 

Conclusions  and  Acknowledgments.-  A  comprehen¬ 
sive  user  instructions  with  examples  on  the  reciprocity  the¬ 
orem  proved  here  will  be  published  elsewhere.  Stimulating 
discussions  with  Max  Zolotorev  are  acknowledged.  This 
work  was  supported  by  the  U.S.  Department  of  Energy  un¬ 
der  contract  No.DE-AC03-76SF00098. 

PROOF  OF  THE  THEOREM 

Formulation  of  Reciprocity  Relations.-  Consider  two 
independent  solutions  for  a  given  system,  field  {Ea,Ho} 
generated  by  source  {Ja,Po}  and  field  {Ep,Hp}  gener¬ 
ated  by  source  {Jp,Pp},  each  satisfying  the  Maxwell’s 
equations,  respectively 

=  V>cH.  =  ^  +  J.  (1) 

VxH,  =  ^  +  Jj  (2) 
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Using  identity  V  •  (A-x  B)  =  B  •  V  x  A  -  A  •  V  x  B,  a 
relation  between  the  two  solutions  in  differential  form  can 
be  obtained  from  Eq.(l)  and  Eq.(2) 


V  •  (Eo  X  Hp  +  Ep  X  Ho) 

+  Pap  +  Eq  •  Jp  +  Ep  •  Jq  = 


where  Pap  =  Pe+ Pm 


dUp  _  dDa 
dt 

dt  dt 


0 


(3) 

(4) 

(5) 


Integrating  Eq.(3)  over  a  volume  V  from  which  Jo  is  ex¬ 
cluded  and  over  time,  we  obtain  an  integral  relation 


f  dt  f  dSh  ■  (Eo  X  Hp  -h  Ep  X  Ho) 

J—oo  Js 

/OO  p  pOO  p 

dt  /  dVPap  +  /  dt  dVEa  *  Jp  =  0  (6) 

-OO  Jv  J-oo  Jv 


where  5  is  a  surface  enclosing  V  with  a  unit  normal  vector 
n  pointing  outward  from  the  enclosed  region. 

Four  Conditions  Defining  the  System.-  In  order  to  de¬ 
scribe  a  situation  that  is  generally  applicable  to  particle  ac¬ 
celeration,  we  shall  make  the  following  specifications  and 
assumptions  about  the  system.  (I);  Take  Jp  as  the  current 
density  of  a  charged  particle 


Jp  =  qyp{t)6[r  -  rp(f)]  (7) 

where  Vp  and  Vp  are  the  position  and  velocity  of  the 
particle  along  a  trajectory  which,  by  our  assumption  of 
the  two  solutions  being  independent,  describes  the  mo¬ 
tion  unperturbed  by  the  electromagnetic  accelerating  fields 
{Ea.Ha}.  (II):  Separate  the  unperturbed  trajectory  into 
three  segments:  for  t  —  {-oo,ti},  Vp{t)  =  vi;  for  t  = 
{ti,i2Kvp(f)  may  vary;  and  fori  =  fejoo},  Vp(i)  =  V2; 
where  vi  and  V2  are  constant  velocities  with  which  the  par¬ 
ticle  enters  and  leaves  a  spatial  region  Vs  within  which  the 
particle  may  interact  with  a  passive  environment  of  the  sys¬ 
tem  and  radiate  spontaneously  as  a  result.  (Ill):  Assume 
that  the  interaction  between  the  particle  and  the  accelerat¬ 
ing  fields  is  confined  in  a  finite  region  Vf  beyond  which  the 
magnitude  of  the  fields  {Eo,  Ha}  scales  inversely  propor¬ 
tional  to  the  distance  measured  from  within  Vf,  (IV):  De¬ 
fine  an  interaction  volume  by  Vint  =  max(14 ,  Vj )  and  take 
the  integration  volume  V  to  be  sufficiently  larger  than  Vint- 
Under  these  four  conditions,  Eq.(6)  can  be  transformed  into 
a  transparent  and  convenient  form  in  four  steps. 

Step  1:  Relating  the  Third  Term  to  Energy  Gain.- 
Given  Eq.(7),  the  third  term  in  Eq.(6)  becomes 

/OO  p  pT2 

dt  /  rfVEo  •  Jp  =  9  /  dt'Ea[Tp{t),t]  •  Vp(f)  (8) 

-OO  Jv  JTi 

where  Ti  and  T2  are  the  times  at  which  the  particle  en¬ 
ters  and  leaves  the  volume  V,  respectively.  Under  the  con¬ 
ditions  (III)  and  (IV)  that  the  accelerating  fields  diminish 


with  sufficiently  large  V,  Eq.(8)  approaches  the  value  of 
the  accumulated  energy  gain  or  loss  of  the  particle  along 
the  entire  unperturbed  trajectory 


ATK  = 


dtEa[Vp{t),t]^Vp{t) 


Step  2:  Eliminating  the  Second  Term.-  The  second 
term  in  Eq.(6)  can  be  eliminated  altogether.  Upon  rewriting 
Pe  and  Pm  in  Eq.(4)  and  Eq.(5)  as 


a(E^.Do) 

dt 

_a(H^.Bo) 

dt  ' 


^  ^Ep 

~dt  W  ^  ' 

dBp  dKp 

dt  dt  ' 


(9) 

(10) 


it  is  noticed  that  the  first  terms  on  the  RHS  of  Eq.(9)  and 
Eq.(10)vanish aftertime  integration,  sinceEp-Do  =  Oand 
Hp  •  Bo  =  0  within  V  at  t  =  ±00,  long  before  and  after  the 
particle  enters  and  leaves  the  region.  In  addition,  the  sec¬ 
ond  terms  would  cancel  the  third  terms  if  the  constitutive 
relations  take  the  following  form 


D(r,t)  =  e(r)E(r,t),  B{r,t)  =  /i(r)H(r,t) 

which  hold  in  vacuum  and  in  isotropic  but  nondisper- 
sive  medium.  For  more  general  situations  with  dispersive 
medium,  consider  the  relations  in  frequency  domain 

Da,(r)  =  e(r,w)Ei^(r),  B„(r)  =  /i(r,w)H^(r) 

where  the  Fourier  transform  is  defined  by 


Then,  it  follows 


[  dtPeit)  =  i  f  duw(e*  -  e)E„a  •  E; 
J~oo  J—oo 

/OO  poo 

dtPra{t)=i  du}U}{n*-n)H, 

OO  J—oo 


Hr 


For  lossless  medium,  we  have  e*  —  e  and  fi*  =  /i,  thus 


Step  3;  Removing  a  Singularity  in  the  First  Term.- 

The  first  term  in  Eq.(6)  depends  on  the  values  of  two  sets 
of  fields  on  the  surface  S  far  away  from  the  interaction  re¬ 
gion  Vint-  The  fields  due  to  the  particle  have  two  parts, 
{Ep,  Hp}  =  {Er,Hr}  +  {Ec,Hc},  i.e.,  the  fields  spon¬ 
taneously  radiated  within  Vg  by  the  particle  interacting 
with  the  passive  system,  and  the  Coulomb  fields  of  a  point 
charge.  Our  goal  is  to  prove  that  at  any  time  t 


l 


dSh  •  (Eo  X  He  +  Ec  X  Ho)  =0  (11) 


As  the  Coulomb  fields  are  short  ranged,  {Ec,Hc}  have 
significant  value  on  the  surface  only  in  the  region  near 


1844 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


the  points  where  the  particle  traverses  the  surface.  Hence, 
without  loss  of  generality,  we  define  a  local  Cartesian  co¬ 
ordinate  system  with  its  origin  chosen  at  the  point  where 
the  trajectory  of  the  particle  moving  along  the  ^-axis  with 
a  constant  velocity  v  intersects  the  surface  in  the  xy-plane. 

The  second  term  in  Eq.(l  1)  can  be  expressed  as 

j  dSEc  •  (Ha  X  n)  (12) 

where  Hq  x  h  =  s,  is  the  tangential  component 
of  the  magnetic  field  and  s  is  a  unit  vector  on  the  surface. 
Since  the  accelerating  fields  in  the  far  zone  must  form  a  lo¬ 
cal  plane  wave  which  is  either  linearly  or  elliptically  polar¬ 
ized,  we  may  choose  s  =  x  for  the  linearly  polarized  case, 
and  treat  x  and  y  components  in  s  separately  but  similarly 
for  the  elliptically  polarized  case. 

Assuming,  for  simplicity,  that  the  charge  passes  through 
the  origin  at  f  =  0  and  noting  that  e  =  eo  and  ^  =  /zq 
beyond  V^,  as  required  by  the  condition  (II)  that  no  radia¬ 
tion,  including  Cherenkov  and  transition  radiation,  occurs 
beyond  Vs,  the  Coulomb  fields  of  a  moving  charge  in  vac¬ 
uum  are  given  explicitly  by  [6] 


qj[x-k  +  yy  -h  {z  -  vt)z] 
47reo[x^  ~\~y^  'y^{z  —  ’ 


He  =  eov  X  Ec 


where  7  is  the  Lorentz  factor. 

It  is  noted  that  the  surface  integral  Eq.(12)  becomes  sin¬ 
gular  at  the  moment  the  point  charge  passes  through  the 
origin  on  the  surface.  To  remove  this  singularity,  we  sepa¬ 
rate  the  integral  into  two  parts,  5  =  +  ^2,  and  assume 

that  the  area  of  is  so  small  that  over  which  is  a  con¬ 
stant.  As  a  result,  the  principal  value  of  the  integral  over  S 1 
exists  and  vanishes  in  the  following  sense 


/  =  r  dx  [\yEc^x  =  0 

JSi  J —a  J—b 

Having  removed  the  singularity  over  5i,  it  is  easy  to  see 
JS2  ^ 

as  required  by  the  conditions  (III)  and  (IV),  where  R  is 
the  distance  measured  from  within  V/.  Similarly,  it  can  be 
shown  that  the  first  term  in  Eq.(l  1)  vanishes  as  well. 

Step  4:  Separating  Incoming  and  Outgoing  Waves.- 
The  first  term  in  Eq.(6)  can  be  further  simplified  noting 
that  the  accelerating  fields  constrained  by  the  condition 
(III)  must  have  a  focal  point  within  V/.  Hence  on  a  re¬ 
mote  surface  we  may  separate  the  fields  by  {E a,  Ha}  = 
{E,,H,}  +  {Ea,Ha}  with  the  incoming  and  outgoing  lo¬ 
cal  plane  waves  satisfying  Ej  =  Zo(r  x  Hj),  H^  = 
-(rxEi)/ZoandEa  =  -Zo(rxHo),Ho  =  (rxEo)/Zo, 
respectively,  where  r  is  a  unit  vector  pointing  outward  from 
a  reference  point  within  V/,  and  Zq  =  y/Jio/eo  is  the  vac¬ 
uum  impedance.  Noting  that  the  radiation  fields  by  defini¬ 
tion  are  outgoing  waves  and  using  identity  A  x  (B  x  C)  = 


(A  •  C)B  —  (A  •  B)C,  we  have 


i 


dSh  •  (Ei  X  Hr  +  Er  X  Hi)  =  0 


and  finally,  the  surface  integral  is  reduced  to 

I  d5n-(EoXHr+ErXHa)  = -—  f  d5(n-f)(Eo-Er) 

Js  ^0  Js 

Reciprocity  Theorem  on  Particle  Acceleration.-  Col¬ 
lecting  all  steps  proven  above,  we  obtain 


/oo 

dtEa[rp(t),i]  •  Vp{t) 

-OO 

=  -Y^j_^dtj^dS{n-r){Eo-Er)a3) 

The  theorem  states  that  the  accumulated  energy  gain  of 
a  charged  particle  in  the  presence  of  an  accelerating  field 
along  an  unperturbed  trajectory  is  equal  to  the  overlapping 
integral  in  space  and  in  time  of  the  outgoing  accelerating 
field  with  the  field  radiated  by  the  particle  in  the  far  zone 
on  a  surface  enclosing  the  interaction  region.  Q.E.D. 

Theorem  Expressed  in  Frequency  Domain.-  Al¬ 
though  the  reciprocity  theorem  is  conditioned  and  proved 
in  time  domain,  once  established,  however,  it  can  be  eval¬ 
uated  in  frequency  domain  if  it  is  convenient.  Substituting 
into  Eq.(13)  the  Fourier  transforms  of  the  fields,  we  have 


/»00 

AWp  =  /  duAW^p  (14) 

Jo 

where  for  each  frequency  component 

AW^p  =  r  dtRe{E^a[Tp{t)]e-^*}-Vpit) 

V  vT 

=  -^He^d5(n-f)(E^„.E:,) 

Alternatively,  Eq.(14)  can  also  be  derived  following  the 
similar  steps  of  proof,  but  starting  from  the  conjugated 
pairs  of  Maxwell’s  equations  in  frequency  domain 

^  X  Ea;a  —  ^  X  Ha;a  ~  H“  ^ujcl 

V  X  E^p  =  -iujB^^p,  V  X  H^p  =  +  3^^ 

Nevertheless,  it  is  in  time  domain  that  we  observe  and  en¬ 
joy  nature  in  its  unobstructed  clarity  and  simplicity. 
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Abstract 

Two  possible  methods  of  optically  injecting  electrons 
into  a  plasma  accelerator  are  the  self-modulated  laser 
Wakefield  accelerator  (SMLWFA)  and  laser  ionization  and 
ponderomotive  acceleration  (LIRA).  A  magnetic  selection 
scheme  is  proposed  to  select  a  narrow  band  of  energies 
from  the  intrinsically  broad  beam  produced  by  the  SML¬ 
WFA.  The  scheme  is  analyzed  using  2D  particle-in-cell 
(PIC)  simulations  and  3D  ray  tracing.  The  effects  of  space 
charge  on  the  ideal  LIPA  distribution  are  examined  using 
full  3D  PIC  simulations. 


INTRODUCTION 


lated  by  [2] 


(1) 


where  wx  is  the  momentum  perpendicular  to  the  laser  axis, 
Wjl  is  the  momentum  parallel  to  the  laser  axis,  and  7  is  the 
relativistic  Lorentz  factor.  Thus,  in  the  ideal  case  there  is 
a  one  to  one  relation  between  the  angle  of  emission  and 
the  energy  of  the  electrons.  By  placing  an  aperture  at  a 
suitable  angle  to  the  laser  axis,  a  particular  narrow  band  of 
energies  can  be  selected.  The  electron  pulse  is  also  short 
because  of  the  small  focal  region  from  which  the  electrons 
originate.  Using  detailed  3D  PIC  simulations,  we  study  the 
limitations  of  this  scheme  due  to  collective  plasma  effects 
and  tight  focusing. 


Plasma  based  accelerators  use  the  large  fields  possible  in 
an  electrostatic  plasma  wave  to  accelerate  electrons.  Opti¬ 
cal  injection  [1, 2]  is  a  set  of  methods  utilizing  a  high  power 
laser  to  produce  electrons  with  enough  energy  to  be  trapped 
and  accelerated  by  the  plasma  wave.  The  use  of  optici  in¬ 
jection  has  two  important  advantages.  First,  in  experiments 
where  a  laser  drives  the  plasma  wave  a  portion  of  the  drive 
beam  can  be  split  off  and  used  for  the  injector.  This  solves 
the  problem  of  timing  the  injector  with  the  drive  beam  and 
eliminates  the  need  for  expensive  RF  equipment.  Second, 
most  optical  injection  schemes  produce  a  very  short  elec¬ 
tron  pulse  which  leads  to  higher  beam  quality  in  the  accel¬ 
erator. 

In  this  paper,  we  use  two  and  three  dimensional  particle- 
in-cell  (PIC)  simulations  to  evaluate  two  possible  optical 
injection  schemes.  The  first  scheme  is  the  self-modulated 
laser  wakefield  accelerator  (SMLWFA)  [3,  4,  5,  6]  with 
magnetic  selection.  The  SMLWFA  utilizes  an  instability 
mechanism  to  drive  a  large  amplitude  plasma  wave  which 
also  modulates  the  laser  intensity.  The  instability  satu¬ 
rates  via  wavebreaking  which  traps  and  accelerates  large 
numbers  of  background  electrons.  The  electrons  typically 
emerge  as  a  thermal  distribution  with  a  temperature  of  a 
few  MeV.  Initially,  the  electrons  are  bunched  to  within 
about  100  fs.  This  beam  is  not  suitable  as  an  injector  be¬ 
cause  of  the  large  energy  spread.  We  propose  a  scheme  to 
select  a  narrow  band  of  energies  from  the  distribution. 

The  second  scheme  is  laser  ionization  and  ponderomo¬ 
tive  acceleration  (LIPA)  [2].  In  this  scheme,  use  is  made  of 
the  momentum  space  distribution  resulting  from  tunneling 
ionization.  It  can  be  shown  that  for  tunnel  ionized  electrons 
in  a  plane  wave,  the  axial  and  transverse  momenta  are  re¬ 


MAGNETICALLY  SELECTED 
SELF-MODULATED  LASER  WAKEFIELD 
ACCELERATOR 

The  scheme  for  magnetically  selecting  a  narrow  band  of 
energies  from  the  broad  range  range  of  eneigies  expected 
from  a  SMLWFA  is  illustrated  in  Fig.  1.  The  electrons  are 
focused  by  a  solenoid  lens  through  a  hole  in  a  parabolic 
mirror.  The  drive  laser  is  focused  by  the  parabolic  mir¬ 
ror  onto  a  target.  A  second  solenoid  between  the  parabolic 
mirror  and  the  target  refocuses  the  electrons  onto  the  tar¬ 
get.  The  energy  selection  arises  from  chromatic  aberration 
in  the  lenses. 


Drive  Laser 


Figure  1:  Magnetic  Selection  Scheme 


Evaluation  of  this  scheme  proceeds  in  two  stages.  First, 
we  use  fully  explicit  2D  PIC  simulations  to  obtain  the 
full  phase  space  information  on  the  beam  emerging  from 
the  SMLWFA.  Second,  we  use  those  particle  states  as  an 
input  into  a  3D  ray  tracing  program  to  follow  the  parti¬ 
cles  through  the  system  of  lenses  and  apertures  shown  in 
schematically  in  Fig.  1. 
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The  PIC  simulations  were  carried  out  using  turbo  WAVE 
[7],  a  fully  relativistic  and  electromagnetic  code  that  can 
be  run  in  1,  2,  or  3  dimensions.  The  code  has  an  option 
for  averaging  over  the  laser  cycles,  but  that  mode  of  oper¬ 
ation  was  not  utilized  for  any  of  the  work  presented  here. 
In  the  simulation,  a  2  TW  laser  pulse  with  wavelength  1 
fim  and  pulse  length  300  fs  was  focused  into  a  slab  of  he¬ 
lium  about  1  mm  long.  The  density  of  helium  atoms  was 
10^^  cm“^.  Ionization  of  the  helium  was  modeled  using 
the  ADK  tunneling  ionization  rate  [8].  In  the  course  of  the 
simulation,  the  laser  pulse  self-modulates  and  drives  a  large 
plasma  wave  which  traps  background  electrons.  The  high 
energy  electron  states  at  the  end  were  written  to  disk  for 
use  in  the  ray  tracing  model. 

The  spectrum  produced  by  the  SMLWFA  for  three  col¬ 
lection  cones  is  shown  in  Fig.  2  for  energies  between  1 
and  10  MeV.  As  expected,  the  distribution  is  approximately 
thermal.  A  best  fit  over  all  energies  gave  a  temperature  of  5 
MeV.  The  electron  macro-pulse  width  was  about  70  fs  for 
the  higher  energy  particles.  The  simulation  exhibited  axial 
electric  fields  of  about  200  GV/m.  The  laser  intensity  ex¬ 
hibited  significant  hosing  in  addition  to  axial  modulation. 


Figure  2:  SMLWFA  Spectrum  generated  by  2  TW  laser 


Figure  3:  Magnetically  Selected  Spectrum  for  solenoid 
fields  of7kG 


LASER  IONIZATION  AND 
PONDEROMOTIVE  ACCELERATION 

We  now  turn  to  simulations  of  LIPA.  In  this  case,  a  10 
TW  laser  was  focused  to  an  rms  spot  size  radius  of  3  jim 
into  a  half  space  of  nitrogen.  The  laser  was  focused  to  a 
point  30  /xm  inside  the  gas.  The  laser  intensity  was  strong 
enough  to  ionize  all  7  atomic  shells  according  to  the  ADK 
model  used  in  the  simulation. 


A)dal  Coordinate  O^m) 


The  particle  states  were  taken  from  the  PIC  simulation 
and  run  through  the  optical  setup  shown  in  Fig.  1.  The  con¬ 
secutive  distances  between  the  source,  the  first  solenoid, 
the  mirror,  the  second  solenoid,  and  the  target  were  all  20 
cm.  The  diameter  of  the  hole  in  the  mirror  was  1  mm.  The 
diameter  of  the  target  was  60  /xm.  Both  solenoids  had  the 
same  focusing  strength  in  any  given  run.  Several  runs  were 
made  for  different  values  of  the  focusing  strength.  An  ex¬ 
ample  of  the  spectrum  produced  by  one  such  run  is  shown 
in  Fig.  3.  For  this  case,  the  field  was  7  kG.  As  was  typical 
of  all  the  cases,  there  is  a  main  population  and  a  secondary 
population  at  a  higher  energy.  The  energy  spread  in  the 
main  population  was  always  about  1%  and  the  pulse  length 
was  always  a  few  ps.  By  varying  the  solenoid  field  between 
3  and  20  kG  the  mean  energy  in  the  main  population  could 
be  varied  between  1  MeV  and  1 1  MeV.  The  number  of  par¬ 
ticles  on  target  was  in  every  case  near  3x10^. 


Axial  Coordinate  (/ym) 


Figure  4:  Electron  density  after  100  /xm  propagation  of  10 
TW  beam  into  nitrogen  densities  of  (a)  =  1.1  x  10^^ 

cm“^  (b)  Ug  =  1.1  X  10^®  cm“^ 


Intensity  plots  of  the  electron  density  after  100  /xm  of 
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propagation  are  shown  in  Fig,  4,  The  case  of  extremely  low 
density  is  shown  in  Fig.  4(a),  which  was  taken  from  a  2D 
simulation.  Here,  the  density  is  so  low  that  the  ejected  elec¬ 
trons  feel  almost  no  restoring  force  from  the  ions.  Fig.  4(b) 
shows  the  results  of  a  3D  simulation  at  higher  density. 
Comparison  with  the  low  density  case  illustrates  clearly 
that  the  ions  strongly  inhibit  the  electron’s  ability  to  escape 
the  laser  focus. 

The  effect  of  the  space  charge  forces  on  the  prospects 
for  injection  are  illustrated  in  Fig.  5.  In  the  3D  simulation 
considered  here,  a  circularly  polarized  2  TW  laser  with  50 
fs  pulse  length  was  focused  to  a  3  /xm  radius.  To  study  the 
prospects  for  injection,  the  particles  from  the  PIC  simula¬ 
tion  were  propagated  via  ray  tracing  through  a  60  /zm  diam¬ 
eter  aperture  placed  at  various  angles  with  the  laser  axis  at 
a  distance  of  1  mm  from  the  laser  focus.  The  properties  of 
the  beam  transmitted  through  the  aperture  were  recorded. 
In  Fig.  5(a),  the  mean  energy  is  plotted  along  with  the  the¬ 
oretical  energy  implied  by  Eq.  (1).  Because  of  the  space 
charge  forces,  the  actual  energy  is  reduced.  Furthermore, 
Fig.  5(b)  reveals  that  the  energy  spread  can  be  substantial, 
reaching  25%  in  the  worse  case.  Fig.  5(c)  shows  the  pulse 
length,  which  is  only  about  10  fs  for  smaller  angles,  but  in¬ 
creases  to  100  fs  for  larger  angles.  Finally,  Fig.  5(d)  shows 
the  number  of  particles  collected,  which  peaks  at  about  32® 
at  a  value  of  10^  electrons.  Thus,  for  these  parameters,  the 
number  of  particles  is  very  small. 

CONCLUSIONS 

A  magnetically  selected  SMLWFA  produces  about  10"^ 
particles  in  a  few  ps  pulse  with  a  1%  energy  spread.  The 
quality  of  the  beam  produced  by  LIPA  depends  strongly 
on  the  density.  A  tradeoff  must  be  made  between  beam 
quality  and  number  of  particles.  For  a  nitrogen  density  of 
10^®  cm“^,  the  beam  quality  is  acceptable  but  the  number 
of  particles  is  only  10^. 
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Abstract 

It  is  known  that  as  a  laser  wakefield  passes  through  a 
downward  density  transition  in  a  plasma  some  portion  of 
the  background  electrons  are  trapped  in  the  laser 
wakefield  and  the  trapped  electrons  are  accelerated  to 
relativistic  high  energies  over  a  very  short  distance.  In 
this  study,  by  using  a  two-dimensional  particle-in-cell 
(PIC)  simulation,  we  suggest  an  experimental  scheme  that 
can  manipulate  electron  trapping  and  acceleration  across  a 
parabolic  plasma  density  channel,  which  is  easier  to 
produce  and  more  feasible  to  apply  to  the  laser  wakefield 
acceleration  experiment.  Also,  we  present  a  brief  ongoing 
experimental  research  plan  by  using  the  newly  developed 
high  power  femtosecond  laser  in  KERI. 

INTRODUCTION 

The  plasma-based  accelerators  such  as  laser  wakefield 
accelerators  (LWFA)  have  shown  much  interest  in  both 
theory  and  experiment.^"^  In  the  conventional  LWFA 
scheme,  for  acceleration  of  electrons  they  should  be 
injected  externally  by  using  an  external  injection 
accelerator  or  high-power  lasers  for  optical  injection.^"^ 
However,  in  the  self  injection  cases,^"^  some  background 
electrons  in  a  plasma  can  be  self-injected  and  the 
electrons  can  be  accelerated  by  the  laser  wakefield  to 
relativistic  high  energies  over  a  very  short  distance. 
Therefore,  the  major  advantage  of  the  self-injected 
LWFA  is  that  it  may  be  built  with  very  compact  tabletop 
size  because  it  does  not  require  auxiliary  heavy  facilities 
that  most  conventional  accelerators  do.  That  is  why 
people  in  the  advanced  accelerator  community  have 
shown  much  interest  in  the  self-injection  LWFA  method 
in  recent  years. 

In  this  study,  we  propose  an  experimental  scheme  with 
a  parabolic  plasma  density  channel,  which  may  be  easily 
obtained  experimentally  by  an  intense  laser  and  gas  jet 
interaction.  There  were  some  previous  LWFA  studies 
performed  in  a  preformed  parabolic  density  channel, 
but  most  of  the  works  were  conducted  along  the  axis  of 
the  channel  in  which  electron  density  is  minimum  to 
provide  optical  guiding  of  an  intense  laser  pulse.  In  the 
current  study,  however,  we  report  a  preliminary 
simulation  result  of  electron  trapping  and  acceleration  in  a 
plasma  when  a  short  and  intense  laser  pulse  passes  across 
a  parabolic  plasma  channel.  For  this  purpose,  a  2- 
dimensional  (2-D)  particle-in-cell  (PIC)  simulation  has 
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been  performed  and  fully  relativistic  and  electromagnetic 
OSIRIS  code  were  employed.  The  simulation  box  (i.e., 
moving  window)  was  assumed  to  propagate  with  the 
speed  of  light,  c,  in  free  space, 

PLASMA  DENSITY  MODEL  & 
SIMULATION  PARAMETERS 

The  density  profile  modelled  in  the  simulation  has  a 
typical  parabolic  shape  of  n(r)  «  no  +  Anr^/rch^.  Here,  no 
and  An  are  the  minimum  density  on  axis  and  density 
change,  respectively  and  Teh  is  the  channel  radius.  The  full 
width  of  the  plasma  channel  (r)  and  the  width  of  the 
parabolic  density  region  were  set  to  3,140  ko^  («  400  pm) 
and  2,512  ko^  («  320  pm),  respectively.  The  edges  of  the 
plasma  channel  were  set  to  314  ko^  («  40  pm)  for  the 
upward  and  downward  density  transitions,  respectively. 
Here,  ko  is  the  wave  number  of  laser  in  free  space. 
Assuming  the  cylindrical  symmetry  of  the  plasma  channel 
the  density  profile  shows  a  density  minimum  on  axis  (i.e., 
r  =  0)  and  it  increases  with  r  and  reaches  the  highest  value 
at  the  edge  where  it  decreases  to  zero  with  relatively  short 
scale  length,  Lg  of  »  40  pm.  2-D  PIC  simulations  were 
performed  using  this  parabolic  density  channel  assiuning 
that  the  peak  and  minimum  plasma  density  were  rte  = 
5x10^®  cm‘^  and  2.1x10^^  cm"^,  respectively  and  a  fully 
ionized  plasma  channel  was  assumed.  Also,  a  short  (=  50 
fs,  i.e.,  pulse  length  L  =  ex  al5  pm),  intense  laser  pulse 
(i.e.,  peak  power,  P  =  10  TW  and  wavelength  Xq  =1.064 
pm)  was  assumed  to  pass  through  the  plasma  channel. 
The  normalized  vector  potential  ao  was  set  to*  2.27  and  the 
laser  beam  was  focused  at  the  centre  of  the  channel  to  a 
spot  size  of  10  pm. 

RESULTS  &  DISCUSSIONS 

In  the  simulation  it  was  observed  that  some  background 
electrons  are  trapped  at  the  first  node  of  wakefield  as  the 
plasma  wakefield  passes  just  down  rim  («  57  pm)  of  the 
parabolic  density  channel.  At  further  elapsed  time,  the 
trapped  electrons  were  injected  into  the  acceleration  phase 
of  the  wakefiled  and  accelerated  further  [Fig.  1]  until  they 
reach  the  minimum  density  position  (i.e.,  AZ  =  1571  ko^ 
(i.e.,  «  200  pm)  of  the  parabolic  density  channel.  In 
general,  accelerated  electrons  are  highly  relativistic  so  its 
velocity  is  faster  than  the  phase  velocity  (Vpb)  of  the 
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Figure  1:  Further  acceleration  of  the  trapped  electrons  at 
the  downward  density  transition  of  the  parabolic  density 
profile  (i.e.,  n(r) «  no  +  Anr^Ach^).  Where  a<b<c<d. 


Figure  2:  A  simulation  result  of  the  momentum  phase 
space  (pz,  z)  of  the  plasma  electrons  at  the  propagation 
distance  AZ  ^  2,940  ko^  («  375  pm  in  plasma). 


Figure  3:  Future  experimental  schematic  for  diagnostics 
of  the  laser  induced  plasma. 


Figure  4:  Detailed  schematic  diagram  of  the  electron 
density  and  temperature  measurement  by  using  optical 
emission  spectroscopy  of  seeded  copper. 

Wakefield,  which  is  nearly  equal  to  the  group  velocity  (Vg) 
of  the  driving  laser.  Therefore,  it  is  anticipated  the 
trapped  electrons  would  reach  the  deceleration  phase  of 
the  Wakefield.  However,  this  is  not  the  case  as  long  as  we 
consider  the  downward  density  transition  in  the  parabolic 
density  channel  in  which  increased  plasma  wavelength 
can  keep  the  trapped  electrons  effectively  in  the 
acceleration  phase  of  the  wakefield. 

In  Fig.  1,  it  is  clearly  seen  that  the  wavelength  of  the 
wakefield  increases  continuously  irom  “a”  (al6  pm)  to 
“d”  («25  pm)  as  the  wakefield  passes  through  the 
downward  density  regions  of  the  parabolic  density  profile. 
While  being  accelerated,  the  trapped  electrons  have 
shown  so-called  “betatron”  motion  in  which  their 
transverse  amplitude  is  continuously  changing  from 
maximum  to  minimum  in  the  wakefield.  On  the  contrary, 
as  the  laser  wakefield  passes  through  the  upward  density 
transition  of  the  parabolic  density  profile,  situations  are 
quite  reversed.  Since  the  plasma  wavelength,  Xp, 
decreases  the  very  front  portion  of  the  accelerated 
electrons  are  gradually  laid  in  deceleration  phase  (i.e., 
slippage  or  detxming)  of  the  wake  field.  It  should  be 
noted  that,  however,  except  for  the  veiy  few  front  part  of 
the  electron  beam  most  of  the  electrons  are  still  in  the 
acceleration  phase  of  the  wakefield,  thus  gaining  more 
energy  fi-om  the  field. 

Figure  2  shows  a  typical  simulation  result  of  the 
momentum  phase  space  (p^,  z)  of  the  plasma  electrons  at 
propagation  distance  of  AZ  =  2,940  ko^  (i.e.,  «  375  pm). 
The  results  show  that  the  accelerated  electron  bunch 
(denoted  as  a  doted  circle  in  Fig.  2)  has  momenta  in  the 
ranges  of  5  and  20  MeV/c  and  the  beam  pulse  width  of 
approximately  «  31  ko^  (i.e.,  «  4  pm).  However,  it  should 
be  pointed  out  that  the  accelerated  electron  bunch  shows 
large  energy  spread,  which  is  due  to  the  dephasing  of  the 
electron  beams  to  the  laser  wakefield, and  it  is 
commonly  observed  elsewhere.^ 
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Figure  3  shows  an  ongoing  experimental  schematic  for 
diagnostics  of  laser-induced  plasmas  produced  in  high- 
density  gas  jet  and  high  power  laser  (~2  TW)  interaction. 
The  planned  research  is  to  study  the  characteristics  of 
waveguides  formed  as  subsequent  two  laser  pulses  are 
focused  in  the  gas  jet  with  appropriate  time  delay.  For  this 
purpose  two  lasers  will  be  employed.  One  of  which  will 
be  a  high  power  laser,  whose  peak  power,  pulse  duration, 
and  wavelength  are  2  TW,  700  fs,  and  1.053  pm, 
respectively,  and  the  other  is  a  long  pulse  (7  ns  FWHM) 
Nd:YAG  laser.  Plasma  channels  will  be  imaged  by  Mach- 
Zehnder  and  Schlieren  visualization  methods.  Temporal 
and  spatial  evolutions  of  the  electron  density  as  well  as 
electron  temperature  will  be  obtained  by  using  optical 
emission  spectroscopy  as  shown  in  Fig.  4.  Usually,  two 
typical  methods  in  optical  emission  spectroscopy  may  be 
employed  in  the  measurement  of  electron  temperature  in 
plasmas.  One  of  which  is  the  “Boltzmann  plot  method” 
and  the  other  is  so  called  “two-line  method”.  Particularly, 
for  this  purpose,  either  a  thin  copper  wire  of 
approximately  20  pm  will  be  installed  in  the  centre  of  the 
gas  jet  or  very  fine  copper  powders  (i.e.,  nano  or  micro¬ 
scale  copper  powders)  will  be  seeded  in  the  gas  jet.  Since 
the  spectroscopic  parameters  such  as  spontaneous 
emission  rate,  degeneracy,  and  lower  and  upper  level 
electronic  energies  are  well  known  for  the  specific  copper 
emission  lines,  therefore,  only  relative  intensity 
measurements  of  copper  emission  lines  are  required  in 
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order  to  deduce  electron  density  and  temperatures  in  the 
plasma. 

In  conclusion,  we  presented  on-going  experimental 
plan  in  KERI  by  using  a  recently  developed  high  power 
femtosecond  laser  system.  The  planned  research  is  to 
study  the  characteristics  of  waveguides  as  subsequent  two 
laser  pulses  are  focused  in  the  gas  jet  with  appropriate 
time  delay  and  the  detailed  experimental  procedures  were 
introduced.  Also,  a  2-D  PIC  simulation  study  was 
performed  in  this  study  to  investigate  the  electron 
trapping  and  acceleration  in  plasma  by  using  a  simple 
parabolic  density  model,  which  may  be  easily  obtained 
experimentally  by  a  laser  and  gas  jet  interaction.  The 
scale  length  of  the  density  transition  used  in  this 
simulation  is  larger  than  Suk’s  scheme  ^  but  smaller  than 
Bulanov’s.^  Despite  the  large  momentum  spread  the 
trapped  electrons  can  be  effectively  accelerated  with 
momenta  in  the  range  of  5  -  20  MeV/c,  which  is  similar 
to  the  previous  results  that  used  sharp  downward  density 
transition.®  It  is  anticipated  that  the  current  work  proposes 
an  experimentally  easier  and  more  feasible  method  for  the 
electron  trapping  and  acceleration  in  a  plasma. 
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Abstract 

Self-injection  mechanisms  of  plasma  electrons  in  the 
self-modulated  laser  wakefield  acceleration  (SM-LWFA) 
are  investigated.  Two-dimensional  (2-D)  particle-in-cell 
(PIC)  simulations  show  that  a  significant  amount  of  plasma 
electrons  can  be  self-injected  into  the  acceleration  phase  of 
a  laser  wakefield  by  a  dynamic  increase  of  the  wake  wave¬ 
length  in  the  longitudinal  direction.  In  addition,  a  merging 
of  the  wake  wave  is  observed  and  a  large  amount  of  elec¬ 
trons  are  self-injected  to  high  energies.  In  this  paper,  in¬ 
jection  phenomena  are  studied  with  2-D  simulations  and  a 
brief  explanation  of  a  new  self-injection  mechanism  is  pre¬ 
sented. 

INTRODUCTION 

The  laser  wakefield  acceleration  (LWFA)  has  been  high- 
lightened  since  it  is  known  that  they  can  accelerate  elec¬ 
trons  to  a  relativistic  high  energy  over  a  distance  of  the 
plasma  wavelength  Ap  [1].  For  example,  a  maximum 
available  electric  field  by  the  laser  wakefield  is  on  the 
order  of  100  GV/m  when  a  plasma  density  of  no  = 
10^®  cm“^  is  used.  This  electric  field  is  three  orders  of 
magnitude  stronger  than  that  of  conventional  radio  fre¬ 
quency  (RF)  accelerators.  So  far,  various  acceleration 
schemes  have  been  studied,  such  as  the  plasma  wakefield 
accelerator  (PWFA)  [2],  the  plasma  beat  wave  accelerator 
(PBWA)  [3, 4],  the  self-modulated  laser  wakefield  acceler¬ 
ator  (SM-LWFA)  [5],  and  wakefield  accelerators  driven  by 
multiple  electron  or  laser  pulses  [6, 7]. 

Among  those  schemes,  the  SM-LWFA  has  been  widely 
studied  because  of  its  simplicity.  In  the  SM-LWFA,  a 
long  (>  Ap)  ultrahigh-intensity  (>  10^®  W/cm^)  laser 
pulse  is  used  to  generate  a  laser  wakefield  in  a  homoge¬ 
neous  plasma.  When  the  long  laser  pulse  passes  through 
the  plasma,  the  laser  pulse  is  modulated  into  many  shorter 
pulses  due  to  the  Raman  forward  scattering  instability.  In 
this  case,  the  modulated  pulse  width  is  equal  to  the  plasma 
wavelength  Ap.  These  laser  pulse  train  excites  the  wake¬ 
field  resonantly  and  the  amplitude  of  the  wakefield  grows 
up.  The  shape  of  the  wakefield  changes  from  a  sinusoidal 
wave  to  a  steep  one  as  the  wave  grows,  and  eventually  the 
transverse  and  the  longitudinal  wave  breakings  occur  [8]. 
Due  to  this  effect,  some  electrons  are  self-injected  into  the 
wakefield  and  they  are  accelerated  to  high  energies.  Some 
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Other  effects  are  also  known  to  be  a  source  of  the  self¬ 
injection  in  the  SM-LWFA  and  the  beam  quality  of  self- 
injected  electrons  are  high  enough  to  make  an  accelerator 
without  any  additional  injection  linac.  Thus  the  SM-LWFA 
is  considered  as  a  strong  candidate  for  the  table  top  accel¬ 
erator  owing  to  its  simple  structure. 

Even  though  the  SM-LWFA  has  been  deeply  studied  and 
great  progresses  has  been  made,  large  parts  of  the  SM- 
LWFA  study  remains  uncovered  area.  For  example,  various 
dynamical  processes  of  wake  wave  evolution  and  electron 
self-injections  can  be  observed  in  the  simulation  of  the  SM- 
LWFA.  As  mentioned  previous  paragraph,  a  laser  pulse, 
which  is  longer  than  the  plasma  wavelength,  is  modulated 
to  train  of  short  laser  pulses.  The  interaction  continues  un¬ 
til  the  modulated  laser  pulses  get  out  of  the  plasma  and  the 
energy  of  the  laser  pulses  shrink  down  as  they  pass  through 
it  so  that  the  shape  of  the  laser  wake  wave  changes  continu¬ 
ously.  The  self-focusing  effect  of  the  laser  gives  significant 
changes  to  the  wake  wave,  as  well.  The  transverse  enve¬ 
lope  oscillation  of  the  laser  after  the  self-focusing  [9]  in¬ 
crease  or  decrease  the  wavelength  of  the  wake  wave  trans¬ 
versely.  Moreover,  during  this  process,  a  dynamic  self¬ 
injection  of  electrons  can  be  observed.  During  the  evo¬ 
lution  of  the  wake  wave,  it  is  noticed  that  there  are  sud¬ 
den  self-injections  of  electrons  with  dynamic  changes  of 
wake  wave.  These  sudden  electron  injection  is  hard  to  be 
explained  with  previously  known  mechanisms  of  the  SM- 
LWFA  and  it  seems  that  there  are  a  couple  of  other  injection 
mechanisms.  In  this  paper  we  describe  the  evolution  of  the 
wake  wave  and  a  dynamic  self-injection  of  electrons.  In 
addition,  we  propose  a  new  mechanism  of  an  electron  self¬ 
injection  which  explains  these  dynamic  self-injections  of 
electrons, 

SELF-INJECTION  OF  ELECTRONS  BY 
EVOLUTION  OF  LASER  WAKE  WAVES 

2-D  PIC  Simulation 

As  mentioned  in  the  previous  section,  a  laser  wake 
wave  changes  dynamically  in  the  longitudinal  direction  as 
it  propagates  in  a  plasma  and  this  process  leads  to  self¬ 
injection  of  some  background  plasma  electrons  in  the  laser 
wakefield.  In  order  to  investigate  the  longitudinal  self¬ 
injection  mechanism  in  SM-LWFAs,  we  performed  2-D 
PIC  simulations  with  the  OSIRIS  code  [10].  The  OSIRIS 
code  employs  a  moving  window  to  simulate  a  laser  plasma 
interaction  with  limited  computing  power.  The  moving 
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Figure  1:  Electrons  distribution  of  the  plasma  (a)  and 
the  phase  space  (b)  when  the  laser  propagates  0.76  mm 
(=6300u;o  The  vector  potential  uq  of  the  laser  is  3.0  and 
the  density  of  the  plasma  is  2  x  10^®  cm“^.  The  horizontal 
axis  scale  is  628/c^^  (=  80  )um)  and  the  vertical  axis  scale 
is  351A:o  ^  (=  45  fim).  The  generated  wake  wave  and  self- 
injected  electrons  are  shown.  Note  that  the  wavelength  of 
wake  wave  is  longer  than  the  plasma  wavelength  Ap. 


window  is  on  the  frame  of  the  laser  pulse  and  advances 
with  the  speed  of  light.  The  electric  and  the  magnetic  fields 
are  calculated  only  within  the  moving  window.  The  val¬ 
ues  of  fields  are  shifted  by  on  mesh  grid  when  the  laser 
advances  the  distance  I  >  Ax,  where  Ax  is  the  grid  size. 
Total  simulation  grid  cell  number  is  1200  x  400  and  16 
grid  cells  are  used  to  resolve  the  laser  wavelength.  A  peri¬ 
odic  boundary  condition  is  used  for  the  r  direction  and  the 
Lindman  open-space  boundary  condition  is  used  for  the  z 
direction.  In  the  simulation,  the  plasma  density  is  increased 
along  the  z  axis  from  0  to  2  x  10^®  cm~^  over  a  distance  of 
0.25  mm,  and  then  a  homogeneous  plasma  density  contin¬ 
ues  to  the  position  of  z  —  I  mm.  The  plasma  wavelength 
Xp  in  the  non-relativistic  cold  fluid  regime  is  calculated  to 
be  7.4  jum  when  the  plasma  density  is  2  x  10^®  cm“^.  The 
wavelength  of  the  laser  pulse  is  1.064  fim  and  the  pulse 
width  is  40  fim  (0.135  ps  long),  which  is  5  times  longer 
than  the  plasma  wavelength  Xp.  The  direction  of  the  laser 
is  from  left  to  right  and  the  linear  polarization  is  used.  The 
laser  pulse  is  focused  in  the  plasma  right  after  the  plasma 
reaches  its  maximum  density  and  the  spot  size  at  the  fo¬ 
cal  point  is  10  nm.  The  vector  potential  of  the  laser  ao  is 
3.0  so  that  this  simulation  is  in  the  relativistic  self-focusing 
regime. 

Self'lnjection  of  Electrons 

Figure  1  (a)  shows  the  electron  distribution  when  the 
laser  propagates  6300cjo  ^  The  typical  D  shape  of  the 
wake  wave  and  ion  cavities  are  observed.  Fig.  1  (b)  is 
the  phase  space  of  Fig.  1  (a).  Self-injected  electrons  are 
clearly  seen  and  the  bunch  length  of  the  electron  beam  is 
extremely  short.  Note  that  the  wake  wavelength  (a  distance 
between  two  electron  peaks)  is  little  longer  than  the  plasma 
wavelength.  As  the  laser  propagates  inside  the  plasma,  it  is 
observed  that  the  wavelength  of  the  wake  wave  is  increased 
and  electrons  are  self-injected  simultaneously.  Especially, 


Figure  2:  Transverse  electric  field  at  (a)  4200a;^^,  (b) 
6300u;^^  of  Fig.  1  simulation.  Note  that  there  are  a  trans¬ 
verse  oscillation  of  laser  envelope  and  a  serious  longitudi¬ 
nal  dispersion.  These  transverse  oscillation  and  longitudi¬ 
nal  dispersion  can  make  an  evolution  of  the  wake  wave. 


the  self-injection  of  electrons  is  enhanced  as  the  longitudi¬ 
nal  wavelength  increases  and  it  suddenly  disappears  when 
the  wavelength  shrinks  down.  In  addition  to  the  longitudi¬ 
nal  development  of  the  wavelength,  the  wake  wave  experi¬ 
ences  the  severe  transverse  modulation.  The  transverse  size 
of  the  wake  wave  shrinks  down  straight  forwardly  until  the 
laser  pulse  reaches  its  focal  point  and  it  shows  a  complex 
motion  after  the  focal  point.  In  one  time  the  wake  wave 
blows  up  and  it  is  tom  out  into  several  pieces  at  the  other 
time.  From  these  longitudinal  and  transverse  motion,  the 
laser  wake  wave  evolves  dramatically  and  it  seems  that  this 
evolution  is  closely  related  to  the  self-injection  of  electrons. 

Mechanism  of  Electron  Self-Injection 

The  wake  wave  evolution  seems  to  be  caused  by  two  ef¬ 
fects.  One  is  the  transverse  oscillation  of  the  self-focused 
laser  pulse  and  the  other  is  its  dispersion  in  the  longitudinal 
direction.  Fig.  2  is  the  transverse  electric  field  at  different 
moving  window  positions.  In  the  beginning  (Fig.  2  (a)), 
laser  pulses  experience  the  self-focusing  and  the  transverse 
size  of  the  envelope  is  small.  As  the  laser  propagates  into 
the  plasma,  the  laser  envelope  blows  up  by  the  transverse 
oscillation  of  the  self-focused  laser  pulse.  The  expanded 
transverse  size  of  the  laser  pulse  in  Fig.  2  (b)  is  exactly 
matched  with  the  wake  wave  in  Fig.  1  (a)  and  it  is  clear 
that  the  transverse  oscillation  of  the  self-focused  laser  pulse 
causes  the  transverse  modulation  of  the  wake  wave. 

On  the  other  hand,  the  longitudinal  wavelength  increase 
comes  from  the  dispersion  of  the  laser  in  which  the  group 
velocity  of  a  laser  pulse  in  a  plasma  is  given  by  Vg  = 

In  this  equation,  c  is  the  velocity  of  light 
in  free  space,  u)p  is  the  plasma  oscillation  frequency,  and 
a?o  is  the  laser  oscillation  frequency.  This  equation  tells  us 
that  the  laser  pulse  width  increases  when  it  passes  through 
the  plasma  because  the  laser  spreads  its  frequency  spectrum 
by  energy  losing. 

As  a  result  of  the  transverse  oscillation  and  the  disper¬ 
sion  effect,  the  self-modulated  short  laser  pulses  change  to 
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Figure  3:  Schematic  diagram  of  the  electron  self-injection 
mechanism.  When  the  wavelength  of  the  wake  is  increased, 
electrons  in  the  previous  nodes  can  be  injected  into  the 
Wakefield  owing  to  their  transverse  momentum. 


larger  ones  and  this  in  turn  increases  the  wake  wavelength. 
When  the  laser  envelop  blows  up,  boundary  electrons  of 
the  wake  are  pushed  out  so  that  the  wavelength  is  increased 
and  the  strong  self-injection  of  electrons  occurs.  This  pro¬ 
cess  can  be  explained  in  the  schematic  diagram  in  Fig.  3. 
When  the  evolution  of  the  wake  wave  is  happened,  there  is 
a  mismatching  between  a  previous  wave  and  a  new  one  so 
that  most  of  electrons  are  pushed  out  to  the  new  boundary. 
However,  some  electrons  in  previous  nodes  are  injected 
into  the  acceleration  phase  of  the  wakfield  owing  to  their 
strong  transverse  momentum.  It  should  be  noted  that  the 
increasing  rate  in  Ap  is  nonlinear.  Hence,  initial  periods  of 
the  wake  wave  can  be  merged  together  (see  Fig.  4)  and  this 
leads  to  a  sudden  self-injection  of  electrons  as  well. 

Merging  of  Wake  Wave 

Fig.  4  is  the  phase  space  plot  at  different  times  of  a  sim¬ 
ulation,  which  shows  the  merging  of  the  wake  wave.  The 
density  of  the  plasma  is  5  x  10^®  cm*"^  and  the  vector  po¬ 
tential  tto  is  2.0.  At  first,  it  starts  from  a  typical  phase  dia¬ 
gram  of  the  SM-LWFA.  The  wavelength  of  the  wake  wave 
is  given  by  the  plasma  wavelength  Ap,  even  though  wave¬ 
lengths  of  first  two  periods  are  longer  than  that.  As  the 
laser  propagates  into  the  plasma,  dramatic  changes  are  ob¬ 
served  (see  Fig.  4  (b)).  A  large  amount  of  electrons  are 
injected  strongly  into  the  wakefield  and  accelerated  to  high 
energies.  The  wavelength  of  the  third  period  is  increased  2 
times  longer  than  the  plasma  wavelength  Ap  and  this  means 
that  two  wake  periods  is  merged  into  one.  The  merging  of 
the  wake  wave  is  also  confirmed  with  the  expanded  bound¬ 
ary  of  the  wake  wave.  Below  the  zero  momentum,  the 
boundary  of  the  wake  wave  blows  up  two  times  bigger  than 
before. 


SUMMARY 

PIC  simulation  studies  have  been  performed  to  inves¬ 
tigate  the  self-injection  mechanisms  in  the  SM-LWFA. 
These  studies  show  that  a  significant  amount  of  plasma 
electrons  can  be  self-injected  into  a  wakefield  when  the 
laser  wake  wave  evolves  dynamically  in  the  longitudinal  di¬ 
rection.  The  transverse  oscillation  and  the  longitudinal  dis¬ 
persion  of  the  laser  envelope  cause  this  evolution  of  wake 
wave.  This  injection  is  so  severe  that  it  seems  to  be  a  dom- 


Figure  4:  Phase  space  plot  at  (a)  2772a;o  \  (b)  3024a;o  ^ 
when  the  vector  potential  is  2,0  and  the  density  of  the 
plasma  is  5  x  10^®  cm~^.  Scales  of  the  horizontal  and 
the  vertical  axes  are  same  with  Fig.  1.  Note  that  there  is  a 
merging  of  wake  wave  so  that  a  large  number  of  electrons 
are  accelerated  to  high  energies. 


inant  self-injection  source  in  some  cases.  In  addition  to  the 
increase  of  longitudinal  wavelength,  the  merging  of  two  pe¬ 
riod  is  observed  and  this  merging  causes  the  self-injection 
of  a  large  number  of  electrons  as  well. 
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Abstract 

Photonic  crystals  have  great  potential  for  use  as  laser- 
driven  accelerator  structures.  A  photonic  crystal  is  a  dielec¬ 
tric  structure  arranged  in  a  periodic  geometry.  Like  a  crys¬ 
talline  solid  with  its  electronic  band  structure,  the  modes  of 
a  photonic  crystal  lie  in  a  set  of  allowed  photonic  bands. 
Similarly,  it  is  possible  for  a  photonic  crystal  to  exhibit 
one  or  more  photonic  band  gaps,  with  frequencies  in  the 
gap  unable  to  propagate  in  the  crystal.  Thus  photonic  crys¬ 
tals  can  confine  an  optical  mode  in  an  all-dielectric  struc¬ 
ture,  eliminating  the  need  for  metals  and  their  characteristic 
losses  at  optical  frequencies. 

We  discuss  several  geometries  of  photonic  crystal  ac¬ 
celerator  structures.  Photonic  crystal  fibers  (PCFs)  are 
optical  fibers  which  can  confine  a  speed-of-light  optical 
mode  in  vacuum.  Planar  structures,  both  two-  and  three- 
dimensional,  can  also  confine  such  a  mode,  and  have  the 
additional  advantage  that  they  can  be  manufactured  using 
common  microfabrication  techniques  such  as  those  used 
for  integrated  circuits.  This  allows  for  a  variety  of  pos¬ 
sible  materials,  so  that  dielectrics  with  desirable  optical 
and  radiation-hardness  properties  can  be  chosen.  We  dis¬ 
cuss  examples  of  simulated  photonic  crystal  structures  to 
demonstrate  the  scaling  laws  and  trade-offs  involved,  and 
touch  on  potential  fabrication  processes. 

INTRODUCTION 

The  extraordinary  electric  fields  available  from  laser  sys¬ 
tems  make  laser-driven  charged  particle  acceleration  an 
exciting  possibility.  Practical  vacuum  laser  acceleration 
requires  a  guided-mode  structure  capable  of  confining  a 
speed-of-light  (SOL)  mode  and  composed  entirely  of  di¬ 
electric  materials,  and  photonic  crystals  provide  a  means 
to  achieve  this  capability.  A  photonic  crystal  is  a  structure 
with  permittivity  periodic  in  one  or  more  of  its  dimensions. 
As  described  in  [1],  optical  modes  in  a  photonic  crystal 
form  bands,  just  as  electronic  states  do  in  a  crystalline  solid. 
Similarly,  a  photonic  crystal  can  also  exhibit  one  or  more 
photonic  band  gaps  (PBG’s),  with  frequencies  in  the  gap 
unable  to  propagate  in  the  crystal.  Confined  modes  can  be 
obtained  by  introducing  a  defect  into  a  Photonic  Crystal 
lattice.  Since  frequencies  in  the  bandgap  are  forbidden  to 
propagate  in  the  crystal,  they  are  confined  to  the  defect.  A 
linear  defect  thus  functions  as  a  waveguide. 

A  significant  benefit  of  photonic  crystal  accelerators  is 
that  only  frequencies  within  a  bandgap  are  confined.  In 
general,  higher  order  modes,  which  can  be  excited  by  the 
electron  beam,  escape  through  the  lattice.  This  benefit  has 
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motivated  work  on  matallic  PBG  structures  at  RF  frequen¬ 
cies  [2].  In  addition,  an  accelerating  mode  has  been  found 
in  a  PBG  fiber  structure  [3].  After  discussing  2D  planar 
structures  we  consider  the  fiber  geometry  in  more  general¬ 
ity. 


2D  PLANAR  PHOTONIC  CRYSTAL 
ACCELERATOR  STRUCTURES 

Structure  Geometry 

The  geometries  we  consider  in  this  section  are  two- 
dimensional:  we  take  them  to  be  infinite  in  the  vertical 
(y)  direction,  while  the  electron  beam  and  the  accelerat¬ 
ing  optical  field  copropagate  in  the  z-direction,  transverse 
to  the  direction  of  symmetry.  While  such  structures  are  not 
immediately  suitable  for  charged  particle  acceleration,  2D 
structures  can  be  analyzed  with  much  less  CPU  time  than 
can  3D  structures,  thereby  allowing  rapid  exploration  of 
multiple  sets  of  geometric  parameters.  The  computational 
technique  is  discussed  further  below. 

Our  underlying  photonic  crystal  lattice  is  a  triangular  ar¬ 
ray  of  vacuum  holes  in  a  silicon  substrate.  Assuming  an 
operating  wavelength  of  1.5  /xm  in  the  telecom  band,  sil¬ 
icon  has  a  normalized  permittivity  of  =  e/eo  =  12.1 
[4].  Such  a  lattice  exhibits  a  wide  TE  bandgap,  as  desired 
since  the  accelerating  field  component  is  transverse  to  the 
direction  of  symmetry.  For  lattice  constant  o  the  nearest- 
neighbor  center-to-center  hole  spacing,  we  choose  the  hole 
radius  r  =  0.427a  to  maximize  the  relative  width  of  the 
bandgap. 

The  accelerator  structure  consists  of  a  vacuum  guide  in 
this  lattice,  as  shown  in  Fig.  1.  The  guide  width  w  is  de¬ 
fined  such  that  the  distance  between  the  centers  of  the  holes 
adjacent  to  the  waveguide  are  u;  -h  a.  Also,  dielectric  ma¬ 
terial  can  be  added  to  the  sides  of  the  guide,  and  we  let  S 
denote  the  total  width  of  the  dielectric  “pad”  added  to  both 
sides  of  the  guide.  Fig.  1  also  shows  an  accelerating  mode 
of  this  geometry,  i.e.  Ez  is  nonzero  on  axis  and  u  —  ckz. 
In  fact,  for  a  general  selection  of  w  and  S,  there  will  be  a 
kz  for  which  this  waveguide  mode  is  synchronous.  This  is 
because  the  dispersion  properties  of  this  PBG  waveguide 
are  similar  to  a  metallic  guide  in  that  u/kz  >  c  through¬ 
out  most  of  the  bandgap,  but  at  the  upper  edge  of  the  gap 
the  dispersion  curve  reduces  in  slope  and  meets  the  SOL 
line.  The  padding  can  be  added  in  order  to  bring  the  SOL 
frequency  into  the  center  of  the  gap  where  the  dispersion 
curve  is  more  linear. 
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Figure  2:  The  maximum  accelerating  gradient  sustainable 
by  each  structure  geometry,  normalized  to  the  material 
damage  threshold  Ep  for  1  ps  pulses. 


Figure  1:  An  accelerator  structure  geometry  with  a  waveg¬ 
uide  mode.  The  shading  indicates  the  electric  field  com¬ 
ponent  in  the  direction  of  ^-beam  propagation.  Here  the 
guide  width  isw  =  3.0a,  the  pad  width  is  6  =  0.25a,  and 
die  wavelength  is  A  =  2.78a. 


Accelerating  Mode  Parameters 

Several  parameters  characterize  the  performance  of  an 
accelerating  mode.  The  relationship  between  the  input 
laser  power  and  the  accelerating  gradient  is  described  by 
the  characteristic  impedance  [5].  Since  our  2D  structures 
only  confine  modes  in  one  transverse  dimension,  we  nor¬ 
malize  the  impedance  to  that  of  a  structure  one  wavelength 
high,  so  Zc  =  where  Eacc  is  the  accelerating 

gradient  and  Pu  is  the  laser  power  per  unit  height.  We 
find  an  empirical  power-law  scaling  of  the  impedance^  with 
Zc  cx  (iy/A)“^-^^. 

Next,  there  is  the  damage  factor  fx)  =  E^c/ 
where  \E\^  is  the  maximum  electric  field  magnitude  any¬ 
where  in  die  dielectric  material.  Since  laser  power  is  ulti¬ 
mately  limited  by  the  damage  threshold  of  the  material,  the 
damage  factor  is  an  important  measure  of  the  maximum 
possible  accelerating  gradient  a  structure  can  sustain. 

The  damage  threshold  exhibits  a  dependence  on  laser 
pulse  width  which  becomes  favorable  at  very  short  pulse 
widths,  as  examined  in  [6]  and  paramaterized  in  [5].  Thus 
these  accelerator  structures  are  transmission-mode,  and  a 
high  group  velocity  Vg  is  desired  so  that  short  pulses  may  be 
used.  The  qualitative  behavior  of  these  parameters  presents 
a  trade-off.  As  the  guide  is  widened,  the  damage  factor  de¬ 
creases.  On  the  other  hand,  the  group  velocity  increases, 
allowing  shorter  laser  pulses  to  be  used,  for  which  the  ma¬ 
terial  damage  threshold  is  at  a  higher  field.  To  find  the  op¬ 


timum  parameters  we  plot  the  maximum  possible  acceler¬ 
ating  gradient  taking  both  effects  into  account  in  Fig.  2. 

PHOTONIC  CRYSTAL  FIBER 
STRUCTURES 

The  geometry  of  this  structure  is  again  a  triangular  array 
of  vacuum  holes,  this  time  in  silica  (€r  =  2.13).  Here  the 
structure  is  considered  to  be  a  fiber  drawn  infinitely  in  the 
beam  propagation  direction,  with  the  electrons  and  laser 
pulse  copropagating  along  the  fiber.  For  these  structures 
r  =  0.35a,  and  the  defect  consists  of  a  larger  central  hole. 
Modes  were  found  for  three  different  mode  radii,  and  are 
shown  in  Fig,  3.  The  frequencies  of  the  three  modes  are 
given  by  cva/c  of  8.20,  8.12,  and  8.20  and  group  velocities 
0.60c,  0.654c,  and  0.59c  (left  to  right). 

The  structure  was  simulated  using  periodic  boundary 
conditions,  and  the  fields  in  the  lattice  region  are  due  to 
crosstalk  between  neighboring  defects.  By  increasing  the 
size  of  the  supercell,  this  crosstalk  can  be  minimized,  how¬ 
ever  the  computational  time  significantly  increases.  Also, 
the  6-fold  azimuthal  symmetry  of  the  structure  implies  that 
SOL  modes  in  vacuum  contain  only  m  —  6n  azimuthal 
modes  for  n  an  integer,  reducing  the  emittance  blowup 
from  higher-order  modes.  Finally,  we  find  that  the  char¬ 
acteristic  impedance  decreases  with  guide  radius,  as  is  the 
case  with  metallic  waveguide  structures. 

COMPUTATION  TECHNIQUES 

We  use  the  MIT  Photonic  Bands  (MPB)  package,  a 
public-domain  code  using  an  iterative  eigensolver  tech¬ 
nique  [7],  For  a  given  geometry  and  Bloch  wavevec- 
tor,  MPB  computes  frequencies  and  field  configurations  of 
supported  modes.  MPB  can  compute  group  velocities  of 
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Figure  3:  Accelerating  modes  of  several  photonic  crystal  fiber  configurations.  The  shading  indicates  the  axial  electric 
field,  which  is  also  the  direction  of  propagation  of  the  mode. 


modes  as  well  by  applying  the  Feynman-Hellmann  theo¬ 
rem  [8, 9]. 

Using  the  frequencies  and  group  velocities,  we  can  in¬ 
ductively  converge  on  the  longitudinal  wavenumber  for 
which  a  speed-of-light  mode  exists.  Having  found  a  mode 
for  a  particular  wavenumber,  we  can  use  its  frequency  and 
group  velocity  to  obtain  a  linear  approximation  for  its  dis¬ 
persion  curve  near  that  wavenumber.  The  intersection  of 
that  approximation  with  the  SOL  line  gives  the  wavenum¬ 
ber  for  the  next  computation,  which  yields  a  mode  whose 
phase  velocity  is  closer  to  c.  Since  the  iterative  eigensolver 
for  each  step  can  be  seeded  with  the  field  configuration 
from  the  result  of  the  previous  step,  successive  steps  are 
quite  fast,  and  convergence  to  an  SOL  mode  is  a  computa¬ 
tionally  light  task  once  the  initial  mode  has  been  found. 

FABRICATION  POSSIBILITIES 

The  2D  structures  discussed  above  are  amenable  to  pho¬ 
tolithography,  with  50  :  1  apect  ratios  available  from  cur¬ 
rent  reactive  ion  etching  equipment.  Some  investigation 
into  fabrication  of  these  structures  has  taken  place  in  the 
past  [10].  Fabrication  of  3D  photonic  crystals  with  omnidi¬ 
rectional  bandgaps,  such  as  the  “woodpile”  structure  [11], 
is  an  active  area  of  research.  A  number  of  techniques  are 
being  developed,  including  multilayer  lithography,  wafer 
fusion,  stacking  by  micromanipulation,  self-assembly,  and 
others  [12].  PCF  manufacturing  is  a  large  and  growing  area 
of  research  in  industry,  since  photonic  crystals  allow  for  tai¬ 
loring  optical  properties  to  specific  applications,  from  non¬ 
linearity  for  wavelength  conversion  in  telecommunications 
to  large  mode  area  for  materials  processing  [13]. 

CONCLUSION 

Photonic  crystals  have  great  promise  as  potential  laser 
accelerator  structures.  Not  only  do  they  support  accelerat¬ 
ing  modes,  but  such  modes  exist  for  a  wide  range  of  geo¬ 
metric  parameters.  While  the  basic  accelerator  parameters 
have  been  examined,  much  remains  to  be  done  to  under¬ 
stand  the  properties  of  these  structures.  Wakefield  com¬ 


putations  as  well  as  coupling  structure  design  have  yet  to 
be  explored.  In  addition,  there  are  many  photonic  crystal 
lattices  for  which  accelerating  modes  have  not  been  com¬ 
puted,  including  3D  geometries.  However,  manufacturing 
technology,  numerical  simulation  capability,  and  theoreti¬ 
cal  understanding  continue  to  progress  at  an  extraordinary 
rate,  driven  by  industry  forces.  We  therefore  expect  a  bright 
future  for  photonic  crystals  as  an  accelerator  technology. 
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Abstract 

ORION  will  be  a  user-oriented  research  facility  for 
understanding  the  physics  and  developing  the  technology 
for  future  high-eneigy  particle  accelerators,  as  well  as  for 
research  in  related  fields.  The  facility  has  as  its 
centerpiece  the  Next  Linear  Collider  Test  Accelerator 
(NLCTA)  at  the  Stanford  Linear  Accelerator  Center 
(SLAC).  The  NLCTA  will  be  modified  with  the  addition 
of  a  new,  high-brightness  photoinjector,  its  drive  laser,  an 
S-band  rf  power  system,  a  user  laser  room,  a  low-energy 
experimental  hall  supplied  with  electron  beams  up  to  60 
MeV  in  energy,  and  a  high-energy  hall  supplied  with 
beams  up  to  350  MeV.  The  facility  design  and  parameters 
are  described  here  along  with  highlights  from  the  2"^^ 
ORION  Workshop  held  in  February  2003. 

INTRODUCTION 

ORION  will  be  a  user-oriented  research  facility  for 
understanding  the  physics  and  developing  the  technology 
for  future  high-energy  particle  accelerators,  as  well  as  for 
research  in  related  fields  [1].  The  facility  has  as  its 
centerpiece  the  Next  Linear  Collider  Test  Accelerator 
(NLCTA)  at  SLAC.  The  NLCTA  will  be  modified  with 
the  addition  of  a  new,  high-brightness  photoinjector,  its 
drive  laser,  an  S-band  rf  power  system,  a  user  laser  room, 
a  low-eneigy  experimental  hall  supplied  with  electron 
beams  up  to  60  MeV  in  energy,  and  a  high-energy  hall 
supplied  with  beams  up  to  350  MeV.  Facility  construction 
is  anticipated  to  start  in  October  2003,  contingent  upon 
funding  approval,  and  first  beam  is  planned  for  2005. 
Notably,  the  first  experiment,  E163,  “Laser  Acceleration 
at  the  NLCTA”,  has  been  approved  by  SLAC.  In  February 
2003,  about  90  participants  attended  the  2”"*  ORION 
Workshop,  and  new  suggestions  were  received  regarding 
possible  experiments  and  the  facility  design  [2]. 

FACILITY  DESIGN 

The  general  parameters  for  the  ORION  Facility  are 
given  in  Table  1,  and  the  conceptual  layout  is  shown  in 
Figure  1.  The  parameters  have  evolved  from  the  input  of 
many  potential  users,  and  various  anticipated  experiments 
are  tabulated  in  the  ORION  Technical  Design  Study  [3]. 
User  requests  indicate  the  need  for  bunch  charges  of  2  pC 
to  4  nC,  1  to  2  bunches  (drive-witness),  normalized  rms 
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emittances  of  <2  to  40  mm-mrad,  rms  bunch  lengths  of 
0.1  to  2  psec,  and  minimum  relative  energy  spreads  <10‘^. 
For  certain  plasma  wakefield  acceleration  experiments,  a 
drive  bunch  with  greater  than  1  nC  charge  and  a  witness 
bunch  up  to  0.3  nC  will  be  desired,  and  this  can  be 
accommodated  by  splitting  the  laser  pulse  energy  to 
produce  two  bunches  from  the  photoinjector.  The  Mg 
cathode  and  specified  laser  energy  at  ORION  are 
sufficient  to  produce  several  nC  of  total  charge.  Beam 
dynamics  studies  [3]  have  shown  that  a  single  bunch  of  4 
to  5  nC  can  clear  the  aperture  of  the  NLCTA  X-band 
prebuncher  cavity,  which  is  the  limiting  device  of  the 
injector.  Overall  the  parameters  in  Table  1  are  consistent 
with  experimental  needs  anticipated  in  the  first  years  of 
ORION  operation. 


Table  1.  Parameters  of  the  ORION  Facility 


Beam  Energies 

7  MeV  (Source);  7-67  MeV  (LE 
Hall);  67-350  MeV  (HE  Hall) 

Charge  per  Bunch 

0.25  nC  optimum,  adjustable  up 
to  a  nominal  maximum  of  1  nC 

Number  of  Bunches 

1  or  2  (split  charge) 

Transverse 

Emittance 

<  2x1  O'*  m,  normalized  rms 
(0.25  nC)  _ 

Bunch  Length 

1.8  psec,  rms  (0.25  nC) 

Charge  Stability 

±2.5%,  pulse-to-pulse _ _ 

Timing  Jitter 

0.25  picosec,  rms _ 

Repetition  Rate 

10  Hz 

Average  Beam 

Power 

0.67  W  at  67  MeV;  3.5  W  at  350 
MeV  (1  nC  bunches) 

Electron  Source 

1.6  cell,  S-band  (2.856  GHz) 
Photoiniector,  Mg  cathode _ 

Drive  Laser 

Commercial  Ti:  Sapphire,  266 
nm  wavelength,  1  mJ  output 

Source  RF  System 

SLAC  5045  Klystron;  Solid- 
State,  NLC-type  Modulator 

Injector  Linac 

Two  X-band  (1 1.4  GHz),  0.9  m, 
30  MV,  NLC  structures 

High-Energy  Linac 

Four  X-band,  1.8  m,  72  MV, 
NLC  structures 

ORION  modifications  to  the  NLCTA  consist  of  the  S- 
band  photoinjector,  its  drive  laser,  the  radio-frequency 
power  system,  the  beamlines  to  the  experimental  halls,  the 
drive  laser  room,  user  laser  room,  and  the  low-energy  and 
high-energy  experimental  halls. 
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Figure  1.  Conceptual  layout  of  the  ORION  Facility  at  the  NLCTA. 


The  S-band  rf  gun  for  ORION  is  the  standard  1 .6  cell 
design  used  at  BNL,  ANL  and  UCLA.  The  gun  was 
fabricated  by  J.  Rosenzweig’s  group  at  UCLA  and  brazed 
at  SLAC  (Figure  2).  Power  conditioning  of  the  gun  is  in 
progress  at  SLAC.  Prior  to  actual  use  on  ORION,  an  Mg 
cathode  will  be  installed  in  place  of  the  temporaiy  Cu 
cathode  plate.  With  its  higher  quantum  efficiency 
(photoelectrons  per  laser  photon),  Mg  will  permit  the  use 
of  a  less  expensive,  low-power  laser  for  E163,  the  first 
experiment  planned  for  the  ORION  facility,  while  also 
providing  1  nC  bunches  for  NLC  cavity  phase  shift 
measurements.  The  use  of  Mg  cathodes  on  these  guns  is 
well  established,  including  several  years  of  operation  at 
the  BNL  Accelerator  Test  Facility. 


Figure  2.  ORION  rf  gun  after  the  final  braze  at  SLAC. 


BEAM  DYNAMICS  STUDIES 

The  production  and  successful  transport  of  a  wide 
variety  of  beams  is  essential  to  the  flexibility  of  the 
ORION  facility.  Detailed  simulations  of  the  beam 
dynamics  for  the  NLCTA  with  the  rf  gun  installed  have 
been  completed  using  the  computer  codes  Parmela  [4] 
and  Elegant  [5]  through  the  NLCTA  beamlines  into  the 
low-  and  high-energy  halls.  With  many  experiments 
calling  for  high  charge,  high  brightness  beams,  the 
production  and  preservation  of  these  beams  has  been 
carefully  studied  [3].  The  beamlines  pose  several 
challenges  unique  to  the  ORION  facility:  injection  from 
an  S-band  gun  into  an  X-band  accelerator  requires  the 
production  of  higher  density  bunches  than  is  typically 
optimal  to  suppress  rf-induced  emittance  growth  in  the 
accelerator;  the  present  NLCTA  chicane  is  a  Sn  design 
permitting  wide  variation  of  the  temporal  dispersion 
(Rse),  but  at  the  expense  of  strong  second-order 
aberrations  in  the  horizontal  plane;  beamlines  leading  to 
the  low  energy  hall  are  connected  via  a  25°  dogleg  with 
rather  inflexible  optics,  requiring  careful  matching  and 
second-order  temporal  dispersion  (T566)  control  to 
preserve  the  profile  of  high  charge  bunches.  Each  of  these 
challenges  is  soluble,  and  will  provide  ample  opportunity 
for  exploring  injector  operation  in  a  new  range  of 
parameter  space. 

ORION  WORKSHOP  HIGHLIGHTS 

The  Second  ORION  Workshop  was  held  in  February 
2003  at  SLAC  to  revisit  the  anticipated  experiments  at 
ORION,  invite  new  experimental  ideas,  discuss  the  on¬ 
site  needs  of  potential  users,  and  to  generate  input  on  the 
facility  design.  There  were  about  90  participants  and  54 
papers  were  published  in  the  proceeings  [2].  The  four 
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working  groups  were  Beam-Plasma  Physics  (chair  T. 
Katsouleas,  USC),  Laser  Acceleration  (co-chairs  R.  Byer, 
Stanford  Univ.,  Yen-Chieh  Huang,  National  Tsinghua 
Univ.),  Laboratory  Astrophysics  (chair  P.  Chen,  SLAC), 
and  Particle  and  Radiation  Sources  (chair  J.  Rosenzweig, 
UCLA).  Each  working  group  generated  a  final  summary 
report,  and  the  interested  reader  can  find  those  documents 
in  the  proceedings. 

The  Beam-Plasma  group  made  a  significant  effort  to 
specify  the  needs  for  experiments  probing  the  details  of 
plasma  wakefields,  to  investigate  efficient  energy 
extraction  by  an  accelerated  bunch  (the  beam-loading 
issue),  and  to  characterize  the  tunnel-ionization  of  gases 
by  intense  drive  beams,  which  would  eliminate  the  need 
for  laser-ionization.  Plasma  wakefield  accelerators  driven 
with  10  pm  bunches  hold  the  promise  of  10  to  100 
GeV/m  gradients,  but  dedicated  studies  of  wake 
phenomena  will  be  required  to  design  a  prototype 
accelerator.  Participants  concluded  that  witness  bunches 
ranging  from  0.1  to  0.3  nC  and  sub-picosecond  duration 
are  essential  for  ORION  wakefield  experiments.  The 
higher  charge  witness  beam  has  the  advantage  of 
“flattening”  the  wakefield  locally,  leading  to  uniform 
energy  gain  across  the  bunch  and  the  associated  reduced 
energy  spread  essential  for  colliders.  Beam-plasma 
experiments  are  very  demanding  in  terms  of  ultra-fast 
diagnostics  and  the  need  for  physics  simulations.  This 
group  discussed  the  hardware  and  software  for  real  time 
computer  modeling  of  experiments  to  permit  users  to 
perform  essential  end-to-end  simulations  from  source  to 
the  experimental  diagnostics. 

The  Laser  Acceleration  group  explored  in  detail  the 
beam  and  facility  requirements  for  seven  distinct 
experiments,  providing  important  input  for  the  facility 
design.  Today  laser  acceleration  is  at  a  stage  analogous  to 
where  copper-cavity  acceleration  was  in  the  1940’s. 
Participants  agreed  that  commercial  terawatt  peak-power 
lasers  (the  analog  of  klystrons)  have  now  opened  a  path 
toward  realizing  an  all-optical  accelerator  with  1  GeV/m 
gradients  limited  only  by  the  surface  damage  threshold. 
Optical  accelerators  based  on  periodic  metal  or  dielectric 
arrays,  planar  waveguides,  fiber  structures  and  photonic 
band-gap  devices  were  all  considered  at  the  workshop. 
Initial  calculations  of  shunt  impedances  and  accelerating 
efficiencies  for  some  generic  structures  were  presented, 
and  experiments  to  measure  these  at  ORION  were 
proposed. 

The  LabAstro  group  was  a  new  addition  to  ORION  for 
this  workshop,  and  enthusiastic  participants  explored 
possible  experiments  to  calibrate  cosmic  ray  measurement 
techniques,  to  investigate  the  dynamics  of  cosmic 
acceleration  in  the  lab,  and  to  use  laser  and  particle  beams 
as  probes  for  fundamental  astrophysics.  The  availability 
of  large  area  halls  with  electron  energies  from  less  than  an 
MeV  to  hundreds  of  MeV  was  seen  as  a  new  opportunity 
for  calibrating  cosmic-ray,  air  fluorescence  and  radio 
emission  detection  methods.  Six  experiments  were 
suggested  to  investigate  the  dynamics  of  astrophysical 
processes,  including  Alfven  shock  particle  acceleration. 


hybrid-mode  excitation  and  particle  trapping  in  beam- 
driven,  magnetized  plasmas  (jet  physics),  beam 
interactions  with  magnetosonic  solitons  and  shocklets, 
diamagnetic  pulse  acceleration,  the  behavior  of  positron- 
electron  plasmas  produced  via  laser-matter  interaction, 
and  the  simulation  of  electroweak,  neutrino-plasma 
instabilities  (relevant  to  supernova  energy  transport)  with 
conventional  electron-plasma  instabilities.  Electron  and 
laser  beams  can  be  used  to  both  excite  and  diagnose 
simulated  astrophysical  plasma  phenomena.  Participants 
recognized  that  with  the  space  available  for  lasers  at 
ORION,  the  opportunity  to  use  both  lasers  and  particle 
beams  at  one  facility  would  be  xmique  for  lab-astro 
experiments,  enabling  rapid  progress  in  Ae  field. 

The  Particle  and  Radiation  Sources  group  hosted  a  wide 
variety  of  talks  on  the  electron  source  and  diagnostic 
requirements  needed  for  the  proposed  ORION 
experimental  program.  The  NLCTA  chicane  with  its 
second-order  aberrations  and  lack  of  diagnostics  is  not 
well  suited  to  transport  the  high-brightness,  short  bunches 
for  ORION  plasma  wakefield  experiments,  and 
replacement  with  alternate  transport  was  recommended. 
Velocity  bunching  at  the  source  was  suggested  for  further 
study  to  achieve  short  ORION  bunches  with  small  energy 
spread.  Dedicated  diagnostic  systems  for  longitudinal 
beam  measurements  after  the  injector  and  after  the 
transport  line  to  the  low-energy  hall  were  also  suggested. 

The  basic  ORION  facility  design  with  two 
experimental  halls  and  one  user  laser  room  has  remained 
the  same  in  light  of  the  2^^  ORION  Workshop.  The  option 
for  expanding  the  High  Energy  Hall  to  roughly  5000 
square  feet  in  the  future  needs  serious  consideration  given 
the  list  of  new  high-energy  experiments  suggested  at  the 
workshop.  For  beam-plasma  and  lab-astro  experiments, 
the  option  for  electron  beams  up  to  700  MeV  is  attractive 
for  studying  the  energy  dependence  of  various 
instabilities  and  beam-wakefield  interactions.  With  the 
completion  of  the  so-called  NLC  8-Pack 
klystron/modulator  array  this  year,  such  higher  energy 
beams  will  be  achievable  once  new  NLC  cavities  are 
perfected  and  installed  permanently  at  the  NLCTA. 

Originally  envisioned  for  advanced  accelerator  work, 
the  ORION  concept  is  now  evolving  to  serve  researchers 
in  plasmas,  lasers  and  astrophysics  as  well.  ORION ’s 
greatest  returns  are  likely  to  be  the  many  unanticipated 
discoveries  from  its  multidisciplinary  group  of  users. 
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Abstract 

The  possibility  of  laser  driven  accelerators[l]  suggests 
the  need  for  new  structures  based  on  micromachining  and 
integrated  circuit  technology  because  of  the  comparable 
scales.  Thus,  we  are  exploring  fully  integrated  structures 
including  sources,  optics  (for  both  light  and  particle)  and 
acceleration  in  a  common  format  -  an  accelerator-on-chip 
(AOC).  Tests  suggest  a  number  of  preferred  materials  and 
techniques  but  no  technical  or  fundamental  roadblocks  at 
scales  of  order  1/xm  or  larger. 

INTRODUCTION 

The  exponential  growth  in  the  complexity  of  high  energy 
accelerators  and  colliders  dictates  techniques  that  lever¬ 
age  infrastructures  such  as  those  being  developed  for  op¬ 
tical  teleconununications  (MEMS)  and  integrated  circuit 
electronics  (SOC).  Acceptable  materials  (and  wavelengths) 
must  allow  velocity  synchronism  between  many  laser  and 
electron  pulses  with  optimal  efficiency  in  high  radiation 
and  intense  laser  fields. 

Tests  related  to  deep  etching,  fabrication  and  radiation 
damage  on  candidate  amorphous  and  crystalline  materials 
shows  Si  to  be  ideal  from  1.2-10  //m  but  other  candidates 
exist[2].  We  have  made  micro-planar  electron  optics  and 
wigglers  on  Si  capable  of  pulsed  currents  of  >1  A  without 
failures  and  etched  micro  stmctures  in  Si  having  aspect  ra¬ 
tios  on  a  wall’s  height-to-thickness  of  500:1  with  surfaces 
that  were  flat,  parallel  and  smooth  to  <10  nm.  Also,  we 
have  made  optical  structures  such  as  gratings  and  matrices 
of  pyramidal  structures  for  field  emission  and  alignment  at 
different  fxm  level  scales. 

Representative  examples  are  discussed  to  suggest  that 
there  are  IC  analogs  for  essentially  all  particle  and  light 
sources  as  well  as  their  respective  optics.  To  date,  we  have 
found  no  technical  nor  fundamental  roadblocks  to  building 
such  integrated  systems  on  scales  consistent  with  infrared 
lasers.  The  need  for  many  parallel  beams  of  both  light  and 
particle  implies  useful  applications  in  other  fields. 

Still,  many  questions  remain  that  need  answering  when 
even  the  circuit  board  equivalent  seems  beyond  reach  but 
this  is  roughly  equivalent  to  the  terawatt  table  top  laser  (T^) 
and  SLAC  linac  that  was  used  to  do  photon  acceleration  by 
electron  beams[3]  —  the  inverse  process.  Now,  everyone 
takes  the  T^  laser  for  granted.  Thus,  our  goal  is  to  show  the 
possibility  of  an  AOC  by  showing  that  it  is  consistent,  or 
not  inconsistent,  with  microelectronic/photonic  integration 
technologies  that  should  provide  incredible  leverage. 

*  Now  at  Novallux,  Inc 

t  Now  at  Qyneigy,  Inc 


GENERAL  TYPES  OF  STRUCTURES 

In  many  regions,  the  mean  directions  of  both  laser  and 
particle  will  be  the  same.  In  such  cases,  it  is  then  useful  to 
impose  an  axis  or  plane  of  symmetry  i.e.  cylindrical  or  pla¬ 
nar  structures.  In  either  case,  tensor  beams  are  possibie[4] 
although  they  appear  easier  to  implement  in  a  multiplanar 
form.  For  several  reasons,  we  will  consider  only  planar 
structures  below. 

Within  this  class,  several  possibilities  can  be  considered 
for  integrated  systems  including:  1)  In-Plane,  2)  Out-of- 
Plane,  3)  3-Dimensional  and  hybrids  such  as  4)  Multi- 
Planar  as  opposed  to  typical,  off-chip,  discrete  components. 
Types  1),  2)  and  3)  are  single  wafer  structures  with  1)  and 
2)  distinguished  by  the  number  of  fab  steps  required  to  get 
more  than  one  active  layer  whereas  3)  can  have  tme  3D 
open  stmctures.  For  OP  type,  we  include  stmctures  made 
on  top  of  other  stmctures  or  ones  fabricated  on  opposite 
faces  of  a  wafer  but  still  planar  or  ones  using  layer  trans¬ 
fers  to  a  single  wafer.  MP  includes  the  possibility  of  more 
than  one  wafer  e.g.  stacked,  OP  wafers  requiring  precise 
alignment  with  high  relative  placement  accuracy. 

Basic  Examples 

We  have  made  many  etching  tests  to  verify  and  under¬ 
stand  previous  work  and  to  extend  it  to  our  applications. 
Our  masks  usually  include  several  stmctures  over  a  range 
of  scales  to  test  different  etchant  and  mask  conditions. 
While  it  is  usually  possible  to  visually  discriminate  out- 


Figure  1:  A  500  pm  period  grating  etched  on  (100)  Si. 
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comes  with  an  SEM,  it  is  difficult  to  capture  good  photos 
of  the  smaller,  deeper  feature  sizes,  e.g.,  5-20  /um  slits  in 
a  500  /im  thick  wafer.  We  note  that  the  fastest  to  slowest 
etch  directions  in  Si  are  [211],  [110],  [100]  and  [111]. 


Reflective  and  Diffractive  Optics  elements  (DOE)  are 
wavefront  transformers  that  can  replace  or  improve  (via 
some  hybrid  form)  classical  optical  elements.  Of  interest  is 
the  use  of  reticulated  steps  (binary  optic  approximation)  to 
correct  both  spatial  and  color  aberrations  in  lenses  or  any 
optical  system.  Fig.  1  shows  a  large  period  (d=500  pm) 
grating  with  mirror  surfaces,  etched  to  a  depth  of  ~290  pm 
along  the  (1 1 1)  planes  of  a  (100)  Si  wafer.  The  edge  angle 
with  the  top  surface  is  54.6°.  This  grating  is  intended  for 
reflective  optics  but  has  many  refractive-diffractive  uses. 

In  refractive  mode,  for  monochromatic  light  below  the 
bandgap,  arrays  of  beamlets  can  be  produced  with  angles, 
relative  to  the  incident  beam,  and  relative  separation  from 
one  another  calculable  from: 


mX  =  d  sin{6>fn)  .  (1) 

m  is  the  order.  CXir  source  example[4, 5]  uses  two  DOEs. 

With  decreasing  d,  angles  increase  and  for  d<  A,  an  AR 
surface  superior  to  AR  coatings  can  be  generated  using 
such  patterns  with  differing  index.  An  array  of  line  sources 
(Fig.  1)  or  points  (Fig.  2)  are  practical  since  subwavelength 
binary  features  <  50  nm  have  been  produced. 


Planar  Undulators  and  Optics  for  particles  exist  for 
all  of  the  above  structure  types  and  it  is  straightforward  to 
write  down  coil-dominated  fields  for  their  many  physical 
expressions.  The  hardest  aspect  is  to  assemble  and  measure 
their  fields  without  a  test  beam.  Using  gold,  many  undula- 
tor  patterns  were  produced  on  both  quartz  and  Si  wafers. 
By  scaling  the  line  width  and  length  for  20, 50  and  100  pm 
periods  they  have  the  same  resistance  R  and  have  been 
driven  with  1  ns  pulse  currents  up  to  several  amps  without 
failure  by  conditioning  to  higher  currents  while  carefully 
monitoring  and  constraining  R.  To  accommodate  particle 


beams,  periodic  trenches  and  slits  are  needed  that  can  also 
be  used  as  pattern  generators.  An  important  question  is 
whether  they  can  be  made  deep  enough  to  accommodate  a 
true  tensor  beam  structure.  In  Fig.  3  we  demonstrate  the 
possibility  of  etching  a  single,  thick  wafer  or  stack  to  give 
accurate  registration  between  wafers.  IR  light  does  not  pro¬ 
vide  sufficient  resolution. 


Figure  3:  View  of  a  50  pm  slit  etched  along  the  [1 1 1]  lines 
in  a  500  pm  thick,  (110)  Si  wafer.  The  wall  height-to- 
thickness  ratio  is  500:1.  Thinner  slit  widths  are  harder  to 
view  and  thicker  ones  have  worse  resolution. 

In  this  and  similar  SEM  pictures,  we  showed  that  it  is 
possible  to  go  from  an  unknown  [111]  orientation  on  a 
(110)  wafer  to  make  small  accurate  slits  with  length-to- 
width  ratios  of  250:1  and  wall  height-to-width  ratios  of 
500:1.  We  also  demonstrated  that  the  surface  of  the  walls 
were  flat,  parallel  and  smooth  to  better  than  j«10  nm  by 
finding  and  focusing  on  particles  <  100  nm  in  size  on  the 
wall  surfaces.  Although  we  have  achieved  15-2000  pm 
slits  on  one  wafer  with  a  single  etch  it  is  clear  that  at  least 
two  or  more  etching  steps  are  needed  for  such  cases. 

High  Q  Examples 

Solenoids/Helical  Undulators  are  difficult  elements. 
Most  standard  electronic  components  are  in-plane  but  some 
components  such  as  the  inductors  used  in  VCOs  could  be 
improved  (Q,  parasitic  effects,  etc.)  by  3D  versions.  To¬ 
day,  pancake  coils  are  used  whose  axis  is  perpendicular  to 
the  wafer  surface.  By  requiring  some  form  of  in-plane  coil 
e.g.  a  spiral,  both  area  and  feature  size  are  increased  in¬ 
efficiently  because  the  line  width  only  needs  to  be  a  few 
pm  (skin  depth  at  1  GHz) [7].  Such  coils  also  drive  the 
field  into  the  material  which  increases  the  frequency  depen¬ 
dent  impedance  via  eddy  currents  through  the  substrate  and 
other  nearby  impedances.  Improvements  are  clearly  possi¬ 
ble.  Chua  et  al.[8]  developed  a  3D  coil  with  a  higher  Q  by 
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balancing  compressive  and  tensile  stress  in  lithographically 
defined,  deposited  material.  This  demonstrates  a  direct  IC 
analog  for  the  solenoid  in  magnetic  optics  and  by  extension 
the  helical  undulator. 

Microcavity,  Optical  Resonators  are  one  of  the  more 
important  optical  systems  one  needs  to  integrate  with  other 
photonic  components.  The  laser  AOC  itself  is  a  resonator 
but  needs  to  integrate  an  active  medium  with  other  such 
elements.  The  semiconductor  diode  is  one  example  while 
spherical  or  ellipsoidal  “microspheres”  are  another. 

The  Alignment  Problem 

For  perspective,  Si  transmits  only  IR  light  >1.1  ^m  for 
normal  incidence[2]  which  is  not  adequate  for  wafer-to- 
wafer  matching  or  aligning  top-bottom  masks.  Wafer  flats 
and  notches  are  often  rounded  to  improve  breakage  but 
quoted  accuracy  of  zb  1°  is  a  problem.  Improvements  in  the 
original  boule  x-ray  measurement  and  transfer  with  optical 
polishing  of  the  flats  is  possible  since  the  original  batches 
undergo  good  control  and  labeling. 


and  this  may  well  be  advisable  for  stability  and  lifetime  but 
these  characteristics  depend  on  the  applied  voltages,  wave¬ 
lengths  and  intensities.  Polarized  beams  can  be  generated 
using  circularly  polarized  light.  STM  probes  produce  about 
4  pAA^  of  ballistic  electrons  from  GaAs  with  no  laser  light 
in  a  technique  called  ballistic  electron  emission. 


Figure  5:  Schematic  for  a  backlit,  gated  photocathode[5]. 
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Tensor  Source  and  Laser  Driver 


For  conventional  radio  frequency  accelerators,  the  rf  gun 
was  a  major  improvement  that  was  well  matched  to  the  if 
accelerator.  Increasing  rf  frequency  improves  things  be¬ 
cause  it  allows  higher  gradients  that  increase  the  inertial  re¬ 
sistance  to  space  charge  blowup  out  of  the  cathode  as  well 
as  helps  to  avoid  bunching  systems.  However,  if  a  buncher 
is  required,  for  laser  based  frequencies  employing  conven¬ 
tional  rf  guns,  then  space  charge  debunching  and  trans¬ 
verse  blowup  appears  difficult  to  avoid.  This  remains  true 
even  when  the  microbunch  charge  is  considerably  reduced. 
Thus,  laser  acceleration  schemes  require  new  source  tech¬ 
niques  compatible  with  the  wavelength  regime, 

A  generic  drive  laser  system  is  suggested  in  Fig.  4  where 
the  laser  depends  on  the  system  to  be  driven.  It  could  be 
used,  in  various  forms,  to  drive  a  pin-cushion  cathode  to 
produce  tensor  beams  or  as  a  power  source  for  the  acceler¬ 
ator  where  Ti:Sa,  Er:YAG  and  CriZnSe  are  possible  candi¬ 
dates.  Notice  that  several  elements  in  this  Fig.  4  could  be 
DOES  in  trenched  Si  or  Silica. 
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Figure  4:  Laser  driver  for  multibunch  source  &  accelerator. 
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Abstract 

The  El 62  experiment  at  the  Stanford  Linear 
Accelerator  Center  was  the  first  experiment  in  which  a 
positron  beam  gained  energy  in  a  plasma  wakefield 
accelerator  [1].  A  single  positron  bunch  both  excited 
(gave  energy  to)  and  witnessed  (extracted  energy  from) 
the  plasma  wakefield.  The  energy  dynamics  within  the 
single  positron  bunch  were  measured  in  a  dispersive 
section  of  the  beamline  with  both  time-resolved  (1  ps 
streak  camera)  and  time-integrated  (CCD  camera) 
diagnostics.  This  paper  will  correlate  the  energy  gain  and 
loss  measurements  from  both  diagnostics. 

MOTIVATION 

The  bunch  length  (oJc-2A  ps)  used  in  the  El 62 
experiment  was  long  enough  to  be  temporally  resolved 
using  current  state  of  the  art  streak  cameras.  However, 
streak  cameras  do  not  exist  to  temporally  resolve  the 
dynamics  within  the  beam  as  the  bunch  length  is 
shortened  in  future  experiments  (El  64:  ojc  -'300  fs; 
E164X:  oJc  --30  fs).  Therefore,  the  use  of  time- 
integrated  diagnostics  is  mandated  and  a  methodology 
must  be  generated  in  order  to  extract  the  accelerated 
particles  from  the  back  of  the  bunch  from  data  that 
contains  both  the  accelerated  and  decelerated  particles  in 
the  entire  bunch. 

E162  EXPERIMENT 

The  experimental  setup  has  been  described  in  detail 
elsewhere  [2],  but  the  salient  features  will  be  briefly 
introduced.  A  730  p,m  long,  40  p,m  round  positron  bunch 
containing  1.2x10^^  particles  was  propagated  through  a 
1.4  meter  long  plasma  of  density  0-2x10*"^  cm"^.  Upon 
exiting  the  plasma,  the  beam  was  imaged  onto  a  1  mm 
thick  aerogel  Cherenkov  radiator  using  a  magnetic 
imaging  spectrometer  with  291  MeV/mm  of  dispersion  in 
the  vertical  plane.  The  visible  Cherenkov  radiation  was 
imaged  onto  the  slit  of  a  streak  camera  and  onto  a  CCD 
camera.  By  measuring  the  change  in  position  of 
individual  beam  slices  in  the  dispersive  plane  with  the 
streak  camera,  the  energy  distribution  in  a  single  bunch 
could  be  measured.  This  paper  will  address  how  the 
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energy  gain  in  the  back  of  the  positron  bunch  and  energy 
loss  by  the  core  of  the  bunch  can  be  measured  on  the 
CCD  camera  at  the  expense  of  losing  temporal 
information. 

TEMPORALLY  RESOLVED  ENERGY 
CHANGE  OF  A  SINGLE  POSITRON 
BUNCH 

As  a  ultrarelativistic  positron  beam  propagates  through 
an  underdense  plasma,  Ae  highly  mobile  plasma  electrons 
are  pulled  in  towards  the  beam  by  the  beam’s  space 
charge  field.  As  these  plasma  electrons  from  various  radii 
arrive  on  the  axis  of  the  beam  at  various  times  and 
overshoot,  they  create  a  wakefield  structure  that  has 
complex  longitudinal  and  transverse  electric  field 
compKjnents  [3].  The  energy  change  induced  on  a 
positron  bunch  by  the  plasma  wakefield  is  shown  in 
Figure  1.  The  main  body  of  the  beam  loses  52±16  MeV 
driving  the  plasma  wave,  while  the  back  of  the  beam 
extracts  eneigy  from  the  wave  and  in  turn  gains  79±19 
MeV, 


Figure  1 :  Time  slice  analysis  (red  circles)  of  the  eneigy 
dynamics  imparted  on  a  single  positron  bunch  (blue  line) 
after  it  passed  through  1.4  m  of  l.SxlO^"^  cm'^  plasma. 
The  front  half  of  the  beam  losses  eneigy  driving  the 
plasma  wave,  while  the  back  of  the  beam  is  accelerated  by 
the  plasma  wave. 
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METHOD  OF  MEASURING  ENERGY 
GAIN  FROM  A  TIME-INTEGRATED  CCD 
DIAGNOSTIC 

The  time-resolved  streak  camera  diagnostic  allowed  us 
to  measure  the  energy  of  1  ps  slices  within  a  single 
positron  bunch.  Furthermore,  the  energy  of  each  slice 
could  be  measured  independently  from  the  energy  and/or 
spot  size  fluctuations  of  other  beam  slices.  However, 
when  a  time  integrated  diagnostic  is  used,  the  energy 
dispersed  profile  will  contain  the  superimposed 
contributions  of  spot  size  (focusing  and  defocusing)  and 
energy  gain/loss  of  each  beam  slice.  In  an  ideal  design, 
the  dispersion  would  be  much  greater  than  the 
undispersed  spot  size  and  therefore  spot  size  fluctuations 
could  be  neglected.  Due  to  hardware  constraints  in  our 
experiment,  the  spot  size  was  on  the  order  of  the 
dispersion.  This  implies  that  the  measured  energy  gain 
will  consist  of  a  shift  in  the  distribution  of  particles  whose 
contribution  to  the  overall  energy  dispersed  profile  will  be 
partially  masked  by  other  particles  which  were  not 
accelerated. 

With  a  general  overview  of  measuring  the  energy  gain 
on  a  time-integrated  diagnostic  now  introduced,  the 
specific  method  used  in  our  measurement  will  now  be 
introduced.  The  first  step  was  in  determining  the  extent 
of  the  focusing/defocusing  of  the  positron  beam. 
Although  the  complex  wakefields  setup  non-uniform 
focusing  and  defocusing  along  the  length  of  the  bunch  [4], 
the  overall  extent  of  the  focusing  for  the  entire  bunch  can 
be  measured.  This  is  shown  in  Figure  2.  The  plasma  off 
RMS  spot  size  at  the  Cherenkov  radiator  plane  is  about 
210  p,m,  while  at  the  density  of  interest  for  our  analysis 
(l.SxlO^"^  cm'^),  the  spot  size  has  blown  up  by  -10  %  to 
230  \im.  In  energy  space  this  width  corresponds  to  an 
energy  width  of  -70  MeV. 


Plasma  Density  (xlO*"^  cm’^) 
Figure  2:  Plasma  focusing  of  the  positron  beam. 


The  next  step  is  to  look  at  the  profiles  of  the  beam  in 
the  energy  dispersed  plane.  These  profiles  were  generated 


by  acquiring  a  time-integrated  CCD  image  of  the  positron 
beam  at  the  Cherenkov  plane.  The  image  was  integrated 
in  the  non-dispersive  plane  to  remove  ambiguity  about 
which  part  of  the  beam  was  sampled  by  the  profile. 
Figure  3  shows  the  acquired  profiles  for  both  the  plasma 
off  (dashed  blue  line)  and  plasma  on  (solid  red  line)  cases. 
The  peak  of  the  plasma  off  case  was  normalized  to  28.5 
GeV  since  we  are  interested  in  changes  to  the  beam 
energy.  Since  the  contributions  to  the  profiles  are  from 
both  spot  size  and  energy  change,  the  x-axis  is  labeled 
with  both  units.  We  know  that  an  energy  change  in  the 
beam  is  distorting  the  profile  because  the  profile  is  not 
symmetric  about  the  origin,  a  fact  confirmed  from  the 
time-resolved  streak  camera  data.  Focusing  and 
defocusing  will  symmetrically  expand  or  contract  the 
distribution,  while  a  change  in  energy  will  shift  the 
distribution  towards  the  left  (energy  loss)  or  right  (energy 
gain).  As  shown  in  Figure  3,  at  a  density  of  1.8x1 0^"^ 
cm'^,  the  beam  losses  energy  driving  the  plasma  wave, 
and  additionally,  part  of  the  beam  has  gained  energy. 

Spot  Size  (jim) 


-1600  -800  0  800  1600 


Energy  Change  from  28.5  GeV  (MeV) 

Figure  3:  Profile  of  positron  beam  in  the  dispersive  plane. 
The  profile  of  the  beam  sans  plasma  (dashed  blue  line)  is 
due  to  the  spot  size  of  the  beam.  The  profile  of  the  beam 
after  propagating  through  1 .4  m  of  plasma  (solid  red  line) 
includes  the  effect  of  focusing/defocusing  and  energy 
gain/loss. 

To  extract  the  magnitude  of  the  energy  gain,  a  Gaussian 
was  fit  to  the  energy  gain  distribution  of  Figure  3,  This  fit 
is  shown  as  a  dashed  black  line  in  Figure  4.  Since  the 
dispersion  induced  shift  in  position  is  on  the  order  of  the 
beam  RMS  spot  size,  part  of  the  Gaussian  fit  will  be 
masked  by  the  rest  of  the  beam.  This  is  shown  in  Figure  4 
as  the  dashed  black  line  shown  inside  of  the  beam  profile 
(solid  red  line).  The  measured  energy  gain  of  90  MeV 
was  determined  from  the  mean  position  of  the  Gaussian 
fit.  This  is  in  reasonable  agreement  with  the  streak 
camera  data  which  measured  an  average  energy  gain  of  79 
MeV  over  the  last  two  slices  of  the  beam  as  seen  in  Fig.  1 . 
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Figure  4:  Profile  of  the  plasma  modulated  positron  beam 
in  the  dispersive  plane  (solid  red  line)  and  a  Gaussian  fit 
to  energy  gain  (dashed  black  line)  in  the  back  of  the 
positron  bunch.  An  energy  gain  of  90  MeV  was 
measured. 

To  determine  the  average  energy  loss  of  the  beam,  a 
center-of-energy  (similar  to  center-of-mass)  calculation 
was  made  on  the  energy  dispersed  profile.  To  remove  the 
energy  gain  contribution  to  the  profile,  the  Gaussian  fit  to 
the  energy  gain  was  subtracted  from  the  profile.  The 
resultant  “energy-loss”  profile  is  shown  as  a  dashed  black 
line  in  Fig.  5.  The  center-of-energy  calculation  resulted  in 
an  average  energy  loss  by  the  bulk  of  the  beam  of  63 
MeV.  This  is  in  reasonable  agreement  with  the  time- 
resolved  streak  camera  data  that  measured  an  energy  loss 
by  the  centroid  of  the  beam  (0  ps  slice)  of  52±16  MeV. 

We  are  currently  attempting  more  sophisticated  fitting 
routines  to  cases  where  the  beam  size  in  the  dispersion 
plane  is  dominated  by  initial  energy  spread,  not  focusing 
or  defocusing  effects.  This  will  be  extremely  important 
for  the  ultra-short  beam  cases  of  El 64  (Oz-lOO  pm)  and 
E164X  (Oz~10  pm)  where  no  comparison  with  a  time- 
resolved  diagnostic  will  be  possible. 

CONCLUSIONS 

We  have  used  two  different  methods  to  measure  the 
energy  gain  and  loss  induced  on  a  positron  beam  in  the 
plasma  wakefield  accelerator.  The  time-resolved 
diagnostic  measured  an  energy  gain  of  79±19  MeV  and 
the  time-integrated  diagnostic  measured  an  energy  gain  of 
90  MeV.  The  time-resolved  diagnostic  measured  an 
energy  loss  of  52±16  MeV  of  the  beam  centroid,  while  the 


time-integrated  diagnostic  measured  an  average  energy 
loss  of  63  MeV.  These  two  diagnostic  measurements  are 
in  reasonable  agreement  with  each  other,  therefore  future 
plasma  wakefield  acceleration  experiments  will  be  able  to 
use  time-integrated  diagnostics  in  order  to  measure  energy 
loss  and  gain. 


Figure  5:  Profile  of  the  plasma  modulated  positron  beam 
in  the  dispersive  plane  (solid  red  line)  and  the  distribution 
of  charge  with  the  contribution  of  energy  gain  subtracted 
(dashed  black  line).  An  average  energy  loss  by  the  bulk 
of  the  beam  of  63  MeV  was  measured. 
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Abstract 

We  report  on  the  status  of  the  Inverse  Free  Electron  Laser 
accelerator  experiment  under  construction  at  the  UCLA 
Neptune  Laboratory.  This  experiment  will  use  a  400  GW 
CO2  laser  to  accelerate  through  a  tapered  undulator  an  elec¬ 
tron  beam  from  14.5  MeV  up  to  55  MeV.  The  scheme  pro¬ 
posed  is  the  diffraction  dominated  IFEL  interaction  where 
the  Rayleigh  range  of  the  laser  beam  is  3.5  cm,  much 
shorter  than  the  interaction  length  (the  undulator  length  is 
50  cm).  The  undulator  is  strongly  tapered  in  both  field  and 
period.  The  present  status  of  the  experiment  is  reported. 

INTRODUCTION 

Inverse  Free  Electron  Laser  schemes  to  accelerate  parti¬ 
cles  have  been  proposed  as  advanced  accelerators  for  many 
years  [1,2].  Recent  successful  proof-of-principle  IFEL  ex¬ 
periments  have  shown  that  along  with  high  gradient  accel¬ 
eration  this  scheme  offers  the  possibility  to  strongly  manip¬ 
ulate  the  longitudinal  phase  space  of  the  output  beam  [3]. 
The  Inverse  Free  Electron  Laser  is  in  fact,  a  strong  candi¬ 
date  for  microbunching  and  phase-locking  electrons  at  the 
optical  scales.  Up  to  now,  though,  only  modest  energy  gain 
has  been  achieved  mostly  because  of  the  limitations  in  the 
peak  radiation  power  available. 

The  purpose  of  the  UCLA  experiment  is  to  achieve  a 
substantial  energy  gain  and  to  investigate  the  longitudinal 
structure  of  the  electron  beam.  This  experiment  addresses 
problems  common  to  other  advanced  accelerator  schemes 
like  the  issue  of  increasing  the  interaction  length  of  a  laser- 
driven  accelerator  dealing  with  the  limitations  of  radiation 
diffi'action  and  to  increase  the  final  energy  gain  by  tapering 
of  the  structure  to  maintain  phase  synchronism  with  the  ac¬ 
celerating  particles. 

At  the  Neptune  Laboratory  [4]  at  UCLA  there  is  the 
unique  opportunity  of  having  a  10.6  /im  high  power  laser 
and  a  relativistic  high  brightness  electron  beam  in  the  same 
experimental  facility.  In  the  Neptune  scheme,  the  14.5 
MeV  electron  beam  from  the  split  photoinjector  linac  sys¬ 
tem,  interacts  inside  an  undulator  magnet  with  the  high 
power  CO2  laser  focused  by  a  lens  (f/25)  with  focal  dis¬ 
tance  of  2.6  m  to  a  tight  spot  of  few  hundreds  microns.  Be¬ 
cause  the  Rayleigh  range  of  the  laser  is  much  shorter  than 
the  undulator  length,  the  interaction  is  diffraction  domi¬ 
nated  [5].  The  fundamental  element  of  the  Neptune  IFEL 
experiment  is  the  undulator  magnet  that  provides  the  cou¬ 


pling  between  photons  and  electrons.  Strong  tapering  of 
both  period  and  magnetic  field  amplitude  is  needed  for 
high-gradient  acceleration. 

In  this  paper,  after  a  brief  status  report,  we  devote  a 
section  to  the  solutions  of  the  problems  of  spatial  align¬ 
ment  and  time  synchronization  of  the  electron  and  the  pho¬ 
ton  beam.  In  the  last  section  we  describe  the  diagnostics 
setup  to  analyze  the  results  of  the  experiment.  A  Browne- 
Buechner  pole  spectrometer  is  used  to  get  single  shot  spec¬ 
trum  of  accelerated  electrons  and  a  Coherent  Undulator 
Radiation  based  diagnostic  to  detect  microbunching  of  the 
electrons  down  to  3  fs  is  presented. 

INVERSE  FREE  ELECTRON  LASER 
ACCELERATOR 

In  the  table  we  summarize  the  design  parameters  for  the 
Neptune  10.6  /zm  IFEL  experiment. 


Table  1:  IFEL  at  Neptune  parameters 


Initial  beam  energy 

14.5  MeV 

Final  beam  Energy 

55  MeV 

Electron  beam  microbunch  size 

3fs 

Electron  beam  emittance 

10  /zm 

Electron  beam  size  at  focus 

150  /zm 

Electron  beam  charge 

300  pC 

Figure  1:  Double  tapered  0.5  m  long  Kurchatov  undulator 

The  undulator  is  shown  in  fig.  1 .  It  has  been  designed  and 
built  at  the  Kurchatov  Institute  of  Moscow  [6].  In  order  to 
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Figure  2:  2.5  inches  gap  quadrupole  magnet.  Maximum 
gradient  at  10  amps  excitation  current  =  6.5  T/m 


maintain  phase  synchronicity  and  preserve  the  accelerating 
bucket  along  the  accelerator,  the  undulator  is  strongly  (non 
adiabatically)  tapered  in  period  (from  initial  1.5  cm  to  final 
6  cm)  and  magnetic  field  amplitude  (from  0.1  T  to  0.6  T). 
It  is  50  cm  long  and  has  a  constant  gap  of  12  mm.  The 
construction  phase  has  been  completed  and  the  installation 
in  the  beamline  is  scheduled  for  the  next  month. 

A  TW  CO2  laser  system  capable  of  generating  100  J  in 
100  ps  pulse  is  used  in  the  experiment.  To  match  into  the 
0.5  m  long  12  mm  gap  undulator  with  the  10.6  fim  beam 
the  f/25  geometry  will  be  used.  The  spot  size  at  the  fo¬ 
cus  has  Wo  —  350  /xm  so  that  the  Rayleigh  range  is  3.5 
cm  is  matching  the  tapering  design.  To  ensure  clipping- 
free  propagation  of  the  focused  beam  in  the  vacuum  pipe 
(diameter  of  the  pipe  larger  than  4wo  ),  we  designed  new 
quadrupole  magnets  with  large  aperture.  These  magnets 
have  a  gap  >  2.5  inches  and  tapered  coils  to  maintain  the 
field  gradient  (ci^  6.5  T/m)  required  to  focus  the  electron 
beam  to  150  jjbm  spot  size.  They  have  been  designed  with 
the  help  of  the  3D  magnetostatic  code  RADIA  [7]  (fig.2). 

The  energy  of  the  NEPTUNE  LINAC  has  been  upgraded 
to  the  design  value  14.5  MeV  replacing  the  old  klystron. 
The  available  S-band  RF  power  is  now  22  MW.  To  im¬ 
prove  the  high  power  handling  capabilities  of  the  dielec¬ 
tric  filled  waveguide,  a  recycling  system  for  the  SFe  is  be¬ 
ing  implemented  to  purify  the  gas  after  any  breakdown  oc¬ 
curred.  Also,  the  electric  field  gradient  inside  the  1.6  cell 
gun  has  been  limited  in  the  past  by  severe  arcing  inside  the 
standing  wave  cavity.  For  this  reason,  a  new  1.6  cell  gun 
has  recently  been  installed  and  it  is  now  in  the  conditioning 
stage. 


INPUT  DIAGNOSTIC 

We  describe  in  this  section  the  experimental  setup  to  en¬ 
sure  the  spatial  and  temporal  overlapping  of  the  photon  and 
electron  beam  inside  the  undulator. 


— ■ —  Measured  cross-correlation  curve 


Figure  3:  Cross  correlation  of  CO2  pulse  and  electron 
beam. 

Spatial  alignment 

To  ensure  overlapping  of  the  photon  and  electron  beam 
inside  the  undulator  the  alignment  is  performed  on  a  screen 
in  the  middle  of  the  undulator  at  the  common  waist.  A 
phosphorous  screen  fluorescent  to  the  electrons  and  with  a 
graphite  layer  coating  so  that  unamplified  CO2  pulse  can 
produce  a  visible  spark,  will  be  used  for  the  alignment  of 
the  two  beams.  A  combination  of  two  such  screens  sepa¬ 
rated  by  ~  0.5  m  provides  a  very  small  angle  misalignment 
(~  1  mrad).  The  precision  of  the  alignment  is  limited  by 
the  spot  sizes  and  the  spatial  jitters  of  the  two  beams  to  50 
/xm.  The  acceptance  window  of  the  IFEL  accelerator  has 
been  estimated  with  the  help  of  three  dimensional  simula¬ 
tions  [?]  to  be  2  mrad  and  100  /xm  well  above  the  expected 
values  of  alignment  errors. 

Temporal  synchronization 

A  deterministic  synchronization  of  10  /xm  and  e-bunches 
is  possible  because  the  same  1  /xm  laser  pulse  is  used  for 
the  production  of  electrons  on  the  photocathode  (after  fre¬ 
quency  quadrupling)  and  to  switch  the  short  CO2  laser 
pulse.  A  first  order  temporal  synchronization  is  reached  by 
synchronizing  at  the  ns  level,  the  photocathode  drive  laser 
and  the  CO2  laser  system  using  fast  photodiodes.  To  break 
the  barrier  of  ns  resolution,  optical  techniques  have  to  be 
used.  The  effect  we  exploit  is  the  electron-beam-controlled 
transmission  of  10  pirn  radiation  in  semiconductors  [9].  A 
cross  correlation  timing  technique  based  on  this  effect,  has 
already  been  successfully  applied  at  the  Neptune  labora¬ 
tory  in  the  context  of  the  Plasma  Beat  Wave  accelerator 
[10].  One  of  the  cross-correlation  curves  is  shown  in  fig.  3. 

C02  laser  pulses  and  10-pS  electron  bunches  (FWHM) 
can  be  deterministically  synchronized  with  a  total  uncer¬ 
tainty  of  20  ps.  The  tolerance  on  the  error  on  the  tempo¬ 
ral  synchronization  for  the  IFEL  accelerator  depends  on  the 
laser  pulse  length.  The  accelerator  performances  seriously 
degrade  when  the  peak  power  driving  the  interaction  falls 
below  a  threshold  value.  In  the  Neptune  case,  the  window 
of  acceptance  is  30  ps. 
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Electron  energy  (MeV) 

11.1  30.6  41.9  49.1  54.2  S7.2 


z{m) 


Figure  4:  Simulated  image  at  the  output  slit  of  the  Browne 
Buechner  spectrometer. 

OUTPUT  DIAGNOSTICS 

Browne-Buechner  spectrometer 

The  electron  spectrometer  consists  of  a  pair  of  pole 
pieces  energized  by  a  ’’C-shaped”  water-cooled  electro¬ 
magnet  and  a  vacuum  box[ll].  The  gap  between  the  pole 
pieces  is  set  to  1 .5”  by  the  requirement  of  dumping  the  high 
power  CO2  beam  after  the  interaction.  Browne-Buechner 
[12]  pole  pieces  are  chosen  to  maximize  the  dispersion  and 
the  energy  coverage.  An  additional  edge  entrance  angle  of 
10  degrees  provides  additional  vertical  focusing.  The  tilted 
exit  plane  of  the  vacuum  box  is  made  so  that  the  differ¬ 
ent  energies  are  in  focus  along  the  length  of  the  exit  plane. 
The  radius  of  the  circular  boundary  of  the  magnetic  field 
is  9.3  cm  and  with  40  amp  excitation  in  the  main  coils  of 
the  spectrometer,  the  field  inside  the  gap  is  1.1  T.  With  this 
magnetic  field  amplitude,  electrons  of  energy  up  to  65  MeV 
can  be  focused  on  the  output  slit  the  spectrometer.  The 
electron  beam  dynamics  through  the  spectrometer  has  been 
simulated  with  the  three  dimensional  code  TEIEDI  [8].  In 
the  fig.  4,  we  show  the  image  on  the  output  slit  of  the  spec¬ 
trometer  obtained  from  a  ”start-to-end”  simulation  of  the 
Inverse  Free  Electron  Laser  accelerator. 

Coherent  undulator  radiation  bunching  diagnos¬ 
tics 

The  output  beam  is  microbunched  with  10.6  pm  period 
so  that  any  radiation  generated  by  the  beam  has  a  spec¬ 
trum  peaked  at  this  wavelength  [13].  On  the  other  hand  it 
is  not  possible  to  distinguish  between  beam  generated  ra¬ 
diation  and  the  driving  high  power  CO2  laser  beam.  More¬ 
over  a  transition  radiation  screen  cannot  be  inserted  in  the 
beam  line  too  close  to  the  exit  of  the  undulator  because  it 
would  be  damaged  by  the  high  power  driving  laser.  The 
proposed  solution  to  detect  the  microbunching  is  to  look  at 
coherent  undulator  radiation  harmonics.  Debunching  of  the 
electrons  in  the  drift  space  following  the  accelerator  is  not 
important,  because  the  radiation  source  is  inside  the  undu¬ 


lator  where  the  bunching  reaches  the  maximum.  The  light 
can  be  collected  few  meters  downstream  with  the  advan¬ 
tage  that  the  fluence  level  of  the  high  power  CO2  beam  is 
strongly  reduced  by  diffraction.  To  further  attenuate  10.6 
pm  light  with  respect  to  the  harmonics  level  a  SFe  damp¬ 
ing  cell  can  be  inserted.  SFq  has  a  peak  in  the  absorption 
spectrum  at  10.6  pm  but  it  is  transparent  at  the  harmonics 
5.3  pm  and  3.15  pm.  An  optical  grating  can  then  disperse 
the  different  wavelengths  to  selectively  measure  the  power 
in  the  radiation  harmonics.  For  300  pC  bunch  charge,  we 
calculated  an  energy  of  10  nJ  at  3.15  //m  in  a  3  mrad  col¬ 
lection  cone,  3  m  downstream  of  the  exit  of  the  undulator. 
Studying  how  the  power  radiated  in  the  harmonics  changes 
as  a  function  of  the  electron  charge  injected  in  the  accel¬ 
erator  should  give  a  quantitative  measurement  of  the  beam 
bunching  [14]. 
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Abstract 

Plasma  density  transition  trapping  is  a  recently  pur¬ 
posed  self-injection  scheme  for  plasma  wake-field  acceler¬ 
ators.  This  technique  uses  a  sharp  downward  plasma  den¬ 
sity  transition  to  trap  and  accelerate  background  plasma 
electrons  in  a  plasma  wake-field.  Two  and  three  dimen¬ 
sional  Particle-In-Cell  (PIC)  simulations  show  that  electron 
beams  of  substantial  charge  can  be  captured  using  this  tech¬ 
nique,  and  that  the  beam  parameters  such  as  emittance,  en¬ 
ergy  spread,  and  brightness  can  be  optimized  by  manipu¬ 
lating  the  plasma  density  profile.  These  simulations  also 
predict  that  transition  trapping  can  produce  beams  with 
brightness  >  5x10^^  Amp/(m-rad)^  when  scaled  to  high 
plasma  density  regimes.  A  proof-of-principle  plasma  den¬ 
sity  transition  trapping  experiment  is  planned  for  the  near 
future.  This  experiment  is  a  collaboration  between  UCLA 
and  Northern  Illinois  University  (NICADD).  The  goal  of 
the  experiment  is  to  capture  a  ^  100  pC,  1.2  MeV  beam 
with  ~  4%  rms  energy  spread  out  of  a  2x10^^  cm“^  peak 
density  plasma  using  a  ~  6nC,  14  MeV  drive  beam.  Status 
and  progress  on  the  experiment  are  reported. 

1  INTRODUCTION 

In  a  plasma  wake  field  accelerator  (PWFA)  a  short, 
high  density  electron  beam  is  used  to  drive  large  ampli¬ 
tude  plasma  waves.  Accelerating  gradients  in  these  sys¬ 
tems  scale  with  the  non-relativistic  plasma  frequency  u)p  = 
,(47rnoe2/me)^/^,  where  no  is  the  plasma  density,  e  is  the 
electron  charge,  and  mg  is  the  electron  mass.  It  follows 
that  high  gradient  PWFAs  have  very  short  period  waves. 
Accelerating  a  second  beam  in  such  a  system  and  main¬ 
taining  its  energy  spread  and  emittance  requires  injecting 
a  sub-picosecond  beam  into  the  drive  beam’s  wake  with 
well  sub-picosecond  timing  accuracy.  This  is  often  referred 
to  as  witness  beam  injection,  which  has  never  been  fully 
achieved  experimentally.  All  experiments  to  date  that  have 
injected  external  electrons  into  accelerating  plasma  waves 
have  used  either  continuous  electron  beams  or  beam  pulses 
that  were  long  compared  to  the  plasma  wave  [1, 2, 3, 4, 5]. 
As  a  result  the  accelerated  electrons  had  an  induced  energy 
spread  equivalent  to  the  acceleration,  which  would  eventu¬ 
ally  result  in  100%  energy  spread. 

The  difficulty  of  witness  beam  injection  makes  it  de¬ 
sirable  to  develop  a  system  in  which  charge  is  automati- 
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cally  loaded  into  the  accelerating  portion  of  the  wake  by 
the  drive  beam’s  interaction  with  the  static  plasma  environ¬ 
ment.  This  approach  allows  timing  concerns  to  be  elimi¬ 
nated  entirely.  Bulanov  et  al.  have  suggested  such  a  scheme 
for  laser  wake-field  accelerators  (LWFA)  in  which  a  region 
of  gradually  declining  plasma  density  is  used  to  produce 
plasma  electron  trapping  through  gentle  conventional  wave 
breaking  [6].  Suk  et  al.  [7]  recently  proposed  a  new  self¬ 
trapping  system  for  the  use  in  the  blow  out  regime  of  PW¬ 
FAs  where  >  no  (underdense  condition).  In  this  scheme 
the  beam  passes  though  a  sharp  drop  in  plasma  density 
where  the  length  of  the  transition  between  the  high  density 
in  region  one  (1)  and  the  lower  density  in  region  two  (2)  is 
smaller  than  the  plasma  skin  depth  k~'^  =  v^/wp,  where 
^6  =  c  the  driving  pulse’s  velocity.  As  the  drive  beam’s 
wake  passes  the  sudden  transition  there  is  a  period  of  time 
in  which  it  spans  both  regions.  The  portion  of  the  wake  in 
region  2  has  lower  fields  and  a  longer  wavelength  than  the 
portion  in  region  1.  This  means  that  a  certain  population 
of  the  plasma  electrons  at  the  boundary  will  suddenly  find 
themselves  rephased  into  an  accelerating  portion  of  the  re¬ 
gion  2  wake.  When  the  parameters  are  correctly  set,  these 
rephased  electrons  are  inserted  far  enough  into  the  acceler¬ 
ating  region  to  be  trapped  and  subsequently  accelerated  to 
high  energy. 

The  plasma  density  transition  trapping  scheme  originally 
proposed  by  Suk  et  al.,  like  the  one  presented  by  Bulanov 
et  al.,  provides  very  short  injection  pulses  that  are  phase 
locked  to  the  plasma  wave,  but  suffers  from  a  lack  of  beam 
quality,  as  defined  by  energy  spread  and  transverse  emit¬ 
tance.  These  beam  quality  issues  are  shared  to  a  significant 
extent  by  the  optically  stimulated  injection  systems  [8,  9], 
which  also  have  challenging  timing  requirements  due  to  the 
multiple  interacting  laser  pulses.  We  have  found,  however, 
that  beam  quality,  as  measured  by  beam  brightness,  can 
be  greatly  enhanced  in  the  plasma  density  transition  trap¬ 
ping  system  by  tailoring  the  density  profile  of  the  plasma 
and  scaling  to  higher  plasma  density.  The  beam  brightness 
benefits  of  scaling  to  higher  plasma  density  are  quantified 
by  a  set  of  scaling  laws  that  we  have  developed  follow¬ 
ing  similar  work  concerning  rf  acceleration  in  photoinjec¬ 
tor  sources  [10].  From  this  work  we  conclude  that  the  beam 
brightness  B  obeys  the  relation 

B  a  ^  oc  no,  (1) 

where  I  is  the  beam  current,  e  is  the  beam  emittance,  and 
no  is  the  plasma  density  [11].  This  scaling  law  has  been 
verified  through  simulation. 
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We  have  planned  and  constructed  a  proof-of-principle 
transition  trapping  experiment  that  will  use  an  order 
lO^^crn"^  peak  density  plasma  with  a  density  profile  op¬ 
timized  to  maximize  charge  capture  and  minimize  energy 
spread.  The  predicted  brightness  of  the  beam  produced  in 
this  experiment  is  about  5x10^°  Amp/(m-rad)^.  Scaling 
laws  and  simulations  predict  that  the  same  system  scaled 
up  to  10^^cm“^  will  produce  a  beam  of  brightness  5x10^^ 
Amp/(m-rad)^,  which  rivals  the  brightness  specified  for  the 
LCLS  photoinjector  [12]. 

2  PARTICLE-IN-CELL  CODE 
SIMULATIONS 

The  development  of  an  experimental  plan  for  the  tran¬ 
sition  trapping  experiment  has  evolved  through  extensive 
PIC  code  simulations,  primarily  with  the  two  dimensional 
PIC  code  MAGIC  [13].  The  majority  of  this  work  has  cen¬ 
tered  on  the  original  experimental  case  model  [14]  which 
uses  the  plasma  density  profile  labelled  number  1  in  Fig. 
1  and  has  the  parameters  listed  in  Tables  1  and  2  under 
Profile  1.  The  two  dimensional  simulation  results  for  this 
case  have  been  verified  using  the  three  dimensional  PIC 
code  OSIRIS  [15].  Our  recent  efforts  have  focused  on  sub¬ 
stantially  improving  the  simulations  to  reflect  the  real  ex¬ 
perimental  conditions  as  accurately  as  possible. 

Profile  1,  as  seen  in  the  lower  trace  in  Fig.  1,  is  an  ide¬ 
alized  plasma  density  profile  composed  of  linear  segments 
and  a  step  function  transition.  This  idealization,  especially 
the  perfect  step  function  transition,  is  clearly  not  realistic. 
Simulations  have  shown  that  a  finite  length  density  transi¬ 
tion  is  acceptable  as  long  as  it  is  shorter  than  the  plasma 
skin  depth  of  the  high  density  region  [14]. 

We  produce  plasma  density  transitions  by  using  a  perfo¬ 
rated  metal  foil  to  partially  block  the  flow  of  a  plasm  col¬ 
umn.  An  electron  beam  passing  through  the  column  on 
the  far  side  of  the  obstruction  sees  a  sharp  transition  in  the 
plasma  density  as  it  passes  the  foil  edge.  This  process  has 
been  studied  extensively  in  simulation  [11].  The  results 
of  these  studies,  as  well  as  preliminary  experiments,  indi¬ 
cate  that  metal  screen  barriers  can  be  used  successfully  to 
produce  transition  trapping  at  our  target  density  in  the  mid 
lO^^cm-^. 

It  is  exceedingly  difficult  to  produce  a  plasma  density 
profile  with  the  smooth  linear  dependencies  shown  in  the 


Table  1:  Driving  Beam  Parameters 


Profile  1 

Profile  2 

Beam  Energy 

Beam  Charge 

Beam  Duration  ut 

Beam  Radius  Or 
Normalized  Emittance 
Peak  Beam  Density 

14MeV 
5.9  nC 
1.5  ps 
362  fim 
15  mm-mrad 
4x10^^  cm”^ 

14MeV 
5.9  nC 
1.5  ps 
362  jjm 
15  mm-mrad 
4x10^^  cm“^ 

Figure  1:  Plasma  Density  Profiles 


lower  curve  in  Fig.  1.  A  more  realistic  option  is  to  alter 
the  natural  profile  of  the  plasma  column  as  little  as  pos¬ 
sible.  As  can  be  seen  from  Fig.  2,  the  raw  plasma  col¬ 
umn  produced  in  our  plasma  source  has  a  gaussian  profile 
with  a  higher  peak  density  than  we  originally  anticipated. 
If  we  use  a  simple  screen  of  uniform  open  area  to  reduce 
±e  amplitude  of  half  the  gaussian  distribution  we  produce 
the  profile  labelled  number  2  in  Fig.  1.  The  gaussian  based 
profile  is  qualitatively  similar  to  the  linear  profile  and  pre¬ 
serves  most  of  its  features  including  the  gradual  decline  in 
density  after  the  transition.  This  gradual  density  decline 
is  critical  for  enhancement  of  charge  capture  and  the  re¬ 
duction  of  energy  spread  [11].  Simulations  using  this  new 
cut-off  gaussian  profile  indicate  that  its  performance  is  su¬ 
perior,  especially  in  terms  of  captured  charge,  to  that  of 
the  original  linear  density  profile.  This  is  primarily  do  the 
higher  peak  plasma  density.  The  drive  and  captured  beam 
parameters  from  these  simulations  are  presented  in  Tables 
1  and  2,  respectively,  under  Profile  2. 

There  are  several  factors  which  will  be  present  in  the 
actual  experiment,  but  which  we  cannot  simulate  simulta¬ 
neously,  that  will  lead  to  reductions  in  the  captured  charge. 
The  value  for  the  captured  charge  give  in  Table  2  should 
therefore  be  taken  as  an  upper  bound.  The  first  of  these 
factors  are  the  finite  transition  length  and  effects  due  to 
the  transition  creation  mechanism.  As  indicated  above,  the 
first  two  of  the  factors  have  been  simulated  extensively  and 
should  only  lead  to  minor  loss  of  captured  charge.  An- 


Table  2:  Captured  Plasma  Electron  Beam  Parameters 


Profile  1 

Profile  2 

Beam  Energy 

Beam  Charge 

Beam  Duration  at 

Beam  Radius 
Normalized  Emittance 
Energy  Spread  (rms) 

1.2  MeV 
100  pC 
1.7  ps 
250  nm 
24  mm-mrad 
4% 

1.5  MeV 
470  pC 
0.3  ps 
100  /xm 
16  mm-mrad 
4% 
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other  important  factor  is  the  three  dimensional  effects  as¬ 
sociated  with  the  drive  beam  interacting  with  the  plasma 
confinement  field.  A  magnetic  field  on  the  order  of  100 
gauss  is  necessary  to  confine  the  plasma  in  the  region 
where  the  drive  beam  will  encounter  the  density  transition. 
This  field  must  be  oriented  perpendicular  to  the  drive  beam 
path  so  that  the  drive  beam  will  actually  be  steered  by  the 
plasma  confinement  field  during  the  trapping  process.  This 
steering  is  a  disruption  to  the  trapping  process  that  may  lead 
to  loss  of  captured  charge.  In  order  to  investigate  this  ef¬ 
fect  we  have  started  a  series  of  simulations  with  the  three 
dimensional  PIC  code  OSIRIS.  Initial  indications  are  that 
bending  during  the  trapping  process  may  have  a  significant 
detrimental  effect,  but  further  study  is  needed. 

3  PLANNED  EXPERIMENT 

This  experiment  will  be  performed  at  the  Fermilab 
NICADD  Photoinjector  Laboratory  (FNPL)  as  part  of  an 
ongoing  collaboration  with  UCLA.  This  collaboration  has 
centered  on  PWFAs  and  has  recently  yielded  interesting 
new  results  in  the  field  of  witness  beam  injection  [16]. 

3  A  Photoinjector  and  Linac 

The  FNPL  accelerator  is  a  18  MeV  electron  linac  [17]. 
The  system  consists  of  a  normal  conducting  L-band  RF 
gun  with  a  cesium  telluride  photo-cathode  and  a  9-cell  su¬ 
perconducting  accelerating  cavity.  Bunches  with  charge  in 
excess  of  8  nC  can  be  produced  and  compressed  to  dura¬ 
tions  of  1.6  ps  rms  using  magnetic  compression.  All  the 
beam  parameters  necessary  for  the  plasma  density  transi¬ 
tion  trapping  experiment  have  already  been  demonstrated 
at  FNPL. 

3.2  Plasma  Source 

By  modifying  an  existing  pulse  discharge  plasma  source 
[18]  we  have  created  a  plasma  column  with  a  peak  den¬ 
sity  of  6xl0^^cm“^.  As  shown  in  Figure  2  the  raw  plasma 
column  has  a  gaussian  transverse  density  profile  and  over 
6  cm  of  the  plasma  has  density  greater  than  2xl0^^cm"^, 
ensuring  that  we  have  sufficient  plasma  to  form  either  of 
the  density  profiles  in  Fig  1. 

We  have  made  preliminary  measurements  of  plasma 
density  transitions  produced  using  obstructing  screens. 
These  initial  measurements  lack  fine  resolution,  but  were 
consistent  with  our  understanding  of  the  density  transition 
production  mechanism.  High  resolution  measurements  of 
the  density  transition  are  planned  for  the  near  future. 

4  PRESENT  STATUS  AND  CONCLUSIONS 

Preparations  for  the  transition  trapping  experiment  are 
near  completion.  The  plasma  source  and  associated  di¬ 
agnostics  are  assembled  and  in  the  final  stages  of  testing 
at  UCLA.  Once  testing  is  complete  the  apparatus  will  be 
moved  to  FNPL  and  integrated  into  the  existing  beamline. 


Figure  2:  Measured  Transverse  Density  Profile  of  the 
Plasma  Column 

We  expect  to  perform  the  plasma  density  transition  trap¬ 
ping  experiment  during  the  summer  of  2003. 
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Abstract 

A  10-ps  beam  of  12  MeV  electrons  was  loaded  in  a  1- 
cm  long  plasma  beat  wave  accelerator  driven  by  a  TW 
CO2  laser  pulse.  CO2  laser  pulses  and  electron  bunches 
were  deterministically  synchronized  with  an  uncertainty 
of  20  ps.  At  the  resonant  electron  plasma  density  of  ~10^^ 
cm'^  the  electrons  have  been  accelerated  to  22  MeV  with  a 
gradient  of  ~1  GeV/m. 

INTRODUCTION 

Laser-plasma  accelerators  of  particles,  which  have  a 
potential  to  become  next-generation  high-gradient 
accelerators,  rely  on  laser  excitation  of  large  amplitude 
relativistic  plasma  waves  (RPWs)  for  acceleration.  Two 
main  considerations  drive  a  significant  interest  to  this  type 
of  devices:  availability  of  laser  power  sources  producing 
multi  GV/m  electric  fields  and  the  fact  that  plasmas  can 
sustain  these  very  strong  fields.  Since  the  interaction 
length  of  a  focused  laser  beam  is  limited  fundamentally 
by  diffraction,  multistage  acceleration  is  required  to 
achieve  the  kinetic  energy  of  interest  for  high-energy 
physics.  In  this  context  it  is  important  to  inject  a  well- 
characterized  electron  beam  into  a  pre-formed  plasma 
accelerating  structure  and  explore  methods  for  extracting 
and  characterizing  a  high-quality  beam. 

Here  we  report  on  a  high-gradient  acceleration  of 
externally  injected  electrons  in  a  plasma  heatwave 
accelerator  (PBWA)  driven  by  a  CO2  laser.  RPWs  are 
excited  by  beating  electromagnetic  waves  where 
difference  between  the  laser  frequencies,  Aco=a)pC02,  is 
equal  to  the  plasma  frequency,  cOp  [1,2].  The  energy  gain 
reached  10  MeV  for  approximately  a  1-cm  long  PBWA. 
The  interaction  length  and  intensity  is  strongly  limited  by 
ionization-induced  refraction  of  the  laser  beam  [3]. 
Possible  ways  to  overcome  this  limitation  in  the  PBWA’s 
length  are  discussed. 

EXPERIMENTAL  SET-UP 

The  experiment  is  being  done  at  the  Neptune 
Laboratory  at  UCLA.  The  layout  of  the  PBWA  set-up  is 
shown  in  Fig.  1.  A  TW  CO2  laser  system  producing  two- 
wavelength  pulses  at  10.3  p.m  and  10.6  ^im  was  used  to 
drive  the  plasma  heatwave.  This  pair  of  lines  determined 
value  of  the  resonant  electron  plasma  density  of 
ne»9.4xl0^^  cm'^.  The  laser  beam  was  focused  by  a  F/18 
lens  giving  a  spot  size  Wo«200  pm  and  a  Rayleigh  range 
of  2Zr»26  mm.  A  12  MeV  electron  beam  with 
parameters  listed  in  Table  1  was  focused  down  to  150  pm 
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(c^rms)  injected  into  the  plasma.  The  energy  spectrum 
of  electron  beam  was  analyzed  using  a  Browne-Buechner 
spectrometer  in  combination  with  a  fluorescer  screen  (for 
energies  E=12-15  MeV)  and  a  set  of  Si  surface  barrier 
detectors  (E>15  MeV).  With  the  current  set-up  3-5 
electrons  with  maximum  energy  up  to  50  MeV  were 
detectable. 


Table  1:  Electron  Beam  Parameters 


Bunch  Length  (FWHM) 

10  ps 

Emittance 

12  mm-mrad 

Energy 

12  MeV 

Charge 

100  pC 

Synchronization 

In  order  to  inject  a  10-ps  electron  bunch  at  the  very 
maximum  of  the  plasma  wave  amplitude  driven  by  a 
160-ps  CO2  laser  pulse,  they  must  be  synchronized  on  a 
picosecond  scale.  Synchronization  is  possible  because  the 
same  1  pm  pulse  is  used  to  produce  electrons  on  a 
photocathode  and  to  switch  a  short  10-pm  pulse  for 
amplification  in  a  MOPA  CO2  laser  system  [4].  A  two- 
step  technique  was  used  for  synchronization:  cross¬ 
correlation  between  10  pm  photons  and  electrons 
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measured  with  an  unamplified  laser  pulse  followed  by 
compensation  of  a  constant  time  delay  gained  in  active 
medium  of  the  final  CO2  amplifier. 

Electron-beam-controlled  transmission  of  10-pm 
radiation  in  Ge  [5]  was  utilized  for  the  cross-correlation 
measurement.  For  this  purpose  the  pulse  was  sent  through 
a  1-mm  thick  germanium  plate  at  the  laser  focus  and  time 
dependence  of  the  10- ^im  transmission  was  recorded.  The 
latter  was  realized  by  a  computer  controlled  optical  delay 
line.  A  typical  result  of  cross-correlation  measurement  is 
presented  in  Fig.  2.  There  is  a  part  in  the  dependence 
corresponding  to  a  time  window  when  an  e-bunch  reaches 


0  2  4  6  8  10121416 

Distance  (cm) 


Figure  2:  Cross-correlation  measurement. 

the  Ge  plate  first  and  10-[xm  radiation  is  fully  attenuated. 
The  plasma  formation  happens  on  a  time  scale  similar  to 
the  duration  of  the  plasma  creating  electron-bunch. 
Therefore,  accuracy  of  the  cross-correlation 
measurements  is  limited  by  a  10-ps  bunch  length.  A  total 
width  of  the  recorded  cross-correlation  curve  is  ~  270  ps, 
which  agrees  very  well  with  a  CO2  laser  pulse  length 
measured  by  a  streak  camera. 

These  measurements  were  done  with  a  10-  pm  laser  pulse 
propagating  through  a  3  X  2.5-m  long  multiatmosphere 
CO2  amplifier  with  no  inversion  of  population.  It  is 
known  that  the  resonant  behavior  of  the  refractive  index 
(n)  in  the  vicinity  of  a  homogeneously  broadened 
molecular  transition  results  in  an  increase  of  n  in  the 
inverted  medium.  This  leads  to  decrease  of  the  group 
velocity  of  the  laser  pulse  with  gain  in  comparison  with 
no-gain  conditions.  Series  of  measurements  revealed  that 
a  120±20  ps  pulse  delay  was  gained  in  our  case  [6].  In  the 
experiment  we  compensated  for  the  delay  after  the  cross- 
correlation  measurement.  Thus  a  total  uncertainty  of  20  ps 
is  achieved  in  synchronization  of  CO2  laser  pulses  and 
electron  bunches,  which  was  adequate  for  a  160-ps  laser 
pulse. 


LASER  PROPAGATION 
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:  Lineout  of  H2  plasma  at  160  mTorr. 


The  plasma  was  produced  at  a  distance  larger  than  Zr 
from  the  focus  in  vacuum.  Note,  that  position  of  focus  in 
vacuum  for  a  high-power  beam  was  determined  by 
ionizing  Ar  with  a  fraction  of  the  total  power 
corresponding  to  an  appearance  intensity  of  2.5x10^"^ 
W/cm^.  The  plasma  lineout  in  Fig.3  clearly  demonstrates 
asymmetry  caused  by  ionization-induced  refraction  [3]. 
Optimal  peak  power  of  the  laser  beam  in  the  experiment 
was  0.5  TW.  This  power  did  not  exceed  the  field 
ionization  threshold  for  H2  (1.37xlO^'^W/cm^)  by  a  factor 
of  two.  Increasing  both  the  laser  power  and  plasma 
density  resulted  in  shifting  the  plasma  further  upstream, 
making  losses  caused  by  refi-action  more  severe. 

RPW’s  driven  by  a  two- wavelength  CO2  laser  pulse 
were  detected  and  characterized  by  a  collinear  Thomson 
scattering  (TS)  technique  using  a  green  probe  beam  [7]. 
An  F/4  optic  was  used  for  focusing  the  532.1  nm  probe 
beam.  This  allowed  to  sample  only  approximately  1  mm 
of  the  2. 5 -cm  long  plasma  and,  by  scanning  the  sampling 
point,  to  map  the  RPWs  longitudinally.  The  latter 
information  was  very  important  for  the  asymmetric 
plasmas  distorted  by  ionization-induced  refraction  of  the 
laser  beam.  TS  signal  resolved  both  in  frequency  in  time 
for  the  zone  11  in  Fig.  3  is  presented  in  Fig.4.  A  short,  ~ 
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Figure  4:  Streak  camera  image  of  the  TS  signal. 


PLASMA  BEATWAVE  PRODUCTION  AND 
CHARACTERIZATION 

A  typical  2.5-cm  long  plasma,  generated  in  a  backfill  of 
H2  at  resonant  density  of  ~  10^^  cm’^  is  shown  in  Fig.  3. 


100  ps  sideband  shifted  by  8.1  A  from  the  wavelength  of 
the  probe  light  was  the  result  of  scattering  firom  the  RPW. 
The  8.1  A  shift  of  the  scattered  light  corresponds  exactly 
to  the  Aco  separation  between  the  two  frequencies  of  the 
CO2  laser  heatwave.  Another  conclusion  drawn  from 


1874 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


these  measurements  is  that  TS  signal  and,  therefore,  the 
wave  amplitude  is  a  strong  function  of  the  plasma 
brightness.  It  is  not  a  surprise,  since  the  plasma  heatwave 
efficiently  couples  energy  of  an  electromagnetic  wave  of 
the  laser  field  into  an  electrostatic  plasma  wave  with 
almost  zero  group  velocity,  additionally  increasing 
heating  of  the  plasma.  The  amplitude  of  the  RPW 
where  An^  is  the  magnitude  of  the  perturbation 
of  the  electron  density  associated  with  the  wave,  was 
estimated  from  the  absolute  amount  of  scattered  light  to 
be  -0.1  around  focus  in  H2  (zone  II).  However,  the  plasma 
wave  amplitude  dropped  to  0.01-0.02  in  both  peripheral 
zones  I  and  HI  limiting  the  effective  length,  where  a  large 
amplitude  RPW  was  excited,  to  -1  cm. 

ELECTRON  ACCELERATION 

One  of  the  main  difficulties  of  measuring  ionizing 
radiation  and  electrons  in  particular  is  that  the  commonly 
employed  detectors  are  sensitive  to  a  variety  of  radiation 
sources.  To  decrease  the  background  caused  by  stray  hard 
X-rays  produced  by  bremsstrahlung,  each  surface  barrier 
detector  was  placed  in  a  thick  lead  housing  with  an 
aperture  equal  to  8  mm  (detector  size).  Detectors  were 
also  shielded  by  1-3  mm  of  Cu  cutting  off  all  X-rays 
below  0.1  MeV  at  the  peak  of  SBD's  sensitivity.  A  series 
of  null  tests  were  performed  under  various  conditions, 
which  could,  in  principle,  produce  false  signals  on  our 
detectors.  They  are  transverse  blowing  of  the  e-beam  by 
the  laser  beam  or  plasma  producing  scattered  12  MeV 
electrons,  acceleration  of  electrons  by  a  Raman  instability 
in  the  plasma  rather  than  the  heatwave,  and  the 
acceleration  of  background  plasma  electrons  rather  than 
the  injected  electrons  from  the  photoinjector.  All  null  tests 
using  both  single-  and  two-wavelength  laser  pulses 
confirmed  that  detected  above  the  noise  signal  is  result  of 
acceleration  in  the  PBWA.  As  seen  in  Fig.  5,  the  highest 
energy  gain  was  -10  MeV.  In  the  experiment  the  e-beam 
was  not  matched  both  longitudinally  and  transversely  to 
the  plasma  wave,  therefore  100%  energy  spread  was 
obtained. 


Fig  5:  Single-shot  electron  spectrum. 

The  diameter  of  the  accelerating  structure  was  larger 
than  the  plasma  wavelength  of  340  (xm  making  the 


longitudinal  contribution  of  the  electron  density 
perturbation  at  least  three  times  larger  than  the  radial 
contribution  [8].  In  this  case  a  1-D  formalism  based  on 
Gauss’s  law  can  be  applied  to  estimate  the  maximum 
energy  gain  where  L  is  the  efficient 

heatwave  length.  For  a  heatwave  length  of  1  cm  and  the 
wave  amplitude  e=0.1,  the  energy  gain  =10  MeV. 
This  energy  gain  is  in  a  good  agreement  with  one  obtained 
in  the  experiment.  Thus  it  is  ionization-induced  refraction 
of  the  laser  beam  by  the  plasma  that  limits  the  heatwave 
length  and,  therefore  the  net  energy  gain. 

We  consider  several  possible  solutions  for  the  refraction 
problem.  One  can  try  to  guide  the  laser  pulse  in  a  gas 
filled  hollow  waveguide  [9]  in  order  to  confine  the  laser 
beam  in  the  focal  region.  Another  solution  is  to  create  an 
ion  channel  by  using  a  longer  laser  pulse  with  a  duration 
longer  than  the  characteristic  time  of  ion  motion,  thus 
initiate  a  self-guiding  process  [10,11].  Experimental 
results  on  enhanced  acceleration  by  laser  heatwave  in  a 
self-induced  ion  channel  will  be  reported  elsewhere  [12]. 


ACKNOWLEDGEMENTS 

This  work  was  supported  by  US.  Department  of  Energy 
contract  DE-FG03-92ER40727. 


REFERENCES 

[1]  C.  Clayton  et  al.,  Phys.  Rev.  Lett.  70  (1993)  37. 

[2]  E.  Esarey  in  Handbook  of  Accelerator  Physics  and 
Engineering,  edited  by  A.  Chao  and  M.  Tigner 
(World  Scientific,  Singapore,  1999). 

[3]  W.P.  Leemans  et  al.,  Phys.  Rev.  A  46  (1992)  1091. 

[4]  S.Ya.  Tochitsky  et  al.,  Optcs  Lett.24  (1999)  1717. 

[5]  P.B.  Corkum  et  al.,  J.  Appl.  Phys.  50  (1979)  3079. 

[6]  S.Ya.  Tochitsky  et  al.,  IEEE  J  QE  (to  be  submitted). 

[7]  C.V.  Filip  et  al.,  Rev.  Sci.  Instr.  (to  be  published). 

[8]  F.  Dorchies  et  al.,  Phys.  Plasmas  6  (1999)  2903. 

[9]  B.  Cross  et  al.,  IEEE  Trans.  Plasma  Sci.  28  (2000) 
1071. 

[10]  P.E.  Young  et  al.,  Phys.  Rev.  Lett.  75  (1995)  1082. 

[1 1]  V.  Malka  et  al.,  Phys.  Rev.  Lett.  79  (1997)  2979. 

[12]  S.Ya.  Tochitsky  et  al.,  Phys.  Rev.  Lett,  (to  be 
submitted). 


1875 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


A  PROPOSAL  TO  EXPERIMENTALLY  DEMONSTRATE  A  NOVEL 
REGIME  OF  ELECTRON  VACUUM  ACCELERATION  BY  USING  A 
TIGHTLY  FOCUSED  LASER  BEAM* 

R  Zhou,  D.Cline,  UCLA,  Los  Angeles,  CA  90095,  USA 
H.K.Ho,  L.Shao,  Fudan  University,  Shanghai,  China 


Abstract 

The  trajectory  of  most  vacuum  laser  acceleration 
schemes  is  a  straight  line  and  the  electron  beam  can 
obtain  a  small  net  energy  gain  only  within  two  times  of 
laser-Rayleigh  length.  A  novel  regime  of  electron  beam 
dynamics  trajectories  in  intensive  laser  field  has  been 
studied  recently  [1-2].  The  most  prominent  feature  of 
those  dynamics  trajectories  is  that  the  incident  electron 
beam  can  be  captured  into  an  intensive  laser  field  region 
in  a  curved  trajectory,  rather  than  expelled  firom  it  as 
predicted  by  the  ponderomotive  potential  mode.  A 
proposal  to  demonstrate  a  proof-of-principle  experiment 
at  Brookhaven  Accelerator  Test  Facility  (ATF)  is 
presented.  The  key  parameters  to  meet  the  experiment 
requirements  are  discussed.  The  preliminary  simulation 
results  using  existing  ATF  laser  and  electron  beam  are 
presented. 


1  INTRODUCTION 

Current  laser  driven  particle  acceleration  schemes  can 
be  divided  into  two  categories:  one  with  a  medium  and 
the  other  without  a  medium  in  the  electron  acceleration 
path.  The  one  with  a  medium  includes  the  plasma-based 
laser  acceleration  [3]  and  the  Inverse  Cherenkov 
Acceleration  (ICA)  [4].  The  one  without  a  medium 
includes  inverse  ffee-electron  laser  (IFEL)  acceleration 
[5]  and  the  structure-loaded  vacuum  laser  acceleration  [6- 
7].  The  acceleration  schemes  adopting  media  along  the 
particle  acceleration  path  often  comprise  with  material 
properties,  including  scattering  and  stability.  The  IFEL 
acceleration  suffers  from  excess  radiation  loss  when 
scaled  to  high  energies.  In  recent  years  there  has  been  a 
renewed  interest  in  the  possibility  of  accelerating 
electrons  by  laser  field  in  vacuum  [8-12],  where  the  laser 
acceleration  of  electrons  in  vacuum  can  be  realized  using 
the  non-linear  or  ponderomotive  forces  associated  with 
the  laser-electron  interaction.  The  use  of  ponderomotive 
forces  can  result  in  a  very  limited  net  energy  gain  by 
using  the  lower  laser  energy  even  in  the  limit  of  a  finite 
interaction  region  truncated  by  using  the  optical 
components. 

In  the  recent  years,  a  new  mechanics  has  been  invented 
to  accelerate  the  electrons  in  vacuum  by  using  high- 
intensity  tightly  focused  laser  [1,  13].  Unlike  the  straight 
electron  beam  dynamics  trajectory  in  most  vacuum  laser 
acceleration,  the  most  prominent  feature  of  this  vacuum 


laser  acceleration  is  its  curved  electron  dynamics 
trajectory.  The  electron  beam  has  an  incident  angle  to  the 
laser  when  injecting  into  the  laser  region.  The  incident 
electron  beam  can  then  be  captured  into  this  intensive 
laser  field  region,  rather  than  expelled  from  it  as  predicted 
by  the  conventional  ponderomotive  potential  model. 
Immense  acceleration  to  energies  in  excess  of  1  GeV  in 
few  centi-meters  has  been  observed  in  the  simulation  with 
high  intensity  focused  laser  beam.  The  demonstration  for 
the  first  proof-of-principle  experiment  at  Accelerator  Test 
Facility  (ATF)  Brookhaven  National  Laboratory  is 
proposed  by  using  the  novel  vacuum  laser  acceleration 
mechanics.  In  the  next  sections,  we  will  briefly  review  the 
theory,  and  then  the  possibility  to  obtain  some  critical 
parameters  to  realize  the  acceleration  experiment  is 
discussed.  The  schematic  layout  of  the  experiment  at  ATF 
is  presented. 

2  THEORETICAL  BASIS 

For  most  vacuum  laser  accelerations,  the  electron 
dynamics  trajectory  is  a  straight  line.  A  major  difficulty  in 
using  lasers  in  vacuum  to  accelerate  electrons  is  that  the 
phase  velocity  of  the  electric  field  in  the  direction  of  the 
accelerated  electrons  is  greater  than  the  speed  of  the  light 
for  straight  electron  beam  trajectory, 

/c  ^  1  +  1/(A:Z^)  ,  k  is  the  laser  wave  number,  Z\  is 

the  laser  Rayleigh  length,  /  X  .  This  results  in 

no  net  energy  gain  over  the  infinite  interaction  length,  but 
a  small  finite  net  energy  gain  can  be  obtained  by  placing 
optical  components  near  the  laser  focus  to  limit  the 
interaction  length.  Actually,  this  mechanics  can  be 
described  with  the  Ponderomotive  potential  model  (PPM), 
which  is  typically  valid  in  cases  in  which  an  electron 
experiences  many  quiver  oscillations  in  the  laser  field 
such  that  a  time  averaging  over  the  fast  quiver  motion  can 
be  justified.  The  motion  to  describe  the  interaction 
between  the  electrons  and  laser  beam  in  this  model  can  be 
simplified.  The  longitudinal  and  transverse  electric  field 
component  in  a  focused  Gaussian  laser  beam  in  PPM  can 
be  given  by: 

£,=^„^exp(-4)sin^  (1) 

w  w 

=£o-^exp(-^^)x[(l-^)cos(i^— ^Sin{y]  (2) 

KMT  W  v/  ZiVr 

where 
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w  =  Wq\{-\-{z^  ! is  the  laser  beam  radius, 


Wq  is  the  beam  radius  at  the  focal  waist,  G)  is  the  laser 


frequency,  and  are  constants.  Thus,  the  energy 


gain  is  the  integral  of  the  Ez  from  Zi  to  Z2,  Z\  and  Z2  are 
interaction  region,  which  is  determined  by  phase  velocity: 


1-4 


^Z,(l  +  zVz/) 


] 


(3) 


where 


r^g-zVz/) 

Wo^(l  +  zVz/) 


In  order  to  make  <c,  both  conditions  must  be  met,  i.e.: 


-Zr  <z<Zr,  and  r>wo 

In  this  case,  the  electron  trajectory  is  completely  parallel 
to  the  Z-axis,  i.e.,  a  straight  line,  and  the  electrons  can  be 
accelerated  within  the  laser  Rayleigh  length.  In  addition, 
this  conclusion  is  only  limited  within  the  low  laser 
energy.  However,  when  the  electrons  move  in  a  curved 
trajectory,  the  phase  velocity  can  be  smaller  than  the 
speed  of  the  light  in  a  significant  length  [13]  and  thus 
results  in  a  significant  net  energy  gain  over  a  longer 
distance.  When  the  electron  beam  has  a  small  incident 
angle  to  the  laser  electric  field,  the  phase  velocity  along 
the  trajectory  is: 


_ _ +^]  (4) 

kZ,{\WlZ^)  z/(i+z^/z4  2' 


where  Q.  is  the  electron  beam  incident  angle  to  the  laser 
beam  axis.  Usually  Q.  is  smaller.  It  is  obvious  that  when 

the  electron  is  incident  to  the  laser  field  and  thus  the  phase 
velocity  is  not  a  constant  at  each  point.  However,  the  key 
point  is  the  phase  velocity  is  smaller  than  speed  of  the 
light.  Thus,  contribution  from  term  vx5  in  Lorentz 
force  becomes  noteworthy.  Since  the  phase  velocity  is 
smaller  than  the  speed  of  the  light  in  such  curved 
trajectory,  the  electron  can  be  accelerated  over  a 
significant  distance  and  thus  obtain  a  significant  net 
energy  gain. 


gain.  On  the  other  hand,  an  initially  fast  electron  may  pass 
through  undeviated  and  gain  or  lose  a  small  amount  of 
energy.  Simulations  show  that  the  optimum  electron 
injection  energy  is  in  range  of  5-20  MeV.  To  achieve  a 
significant  net  energy  gain,  basically  three  requirements 
need  to  be  met: 

-  strong  intensity  laser  at  least  in  Terra  Watt  level 

-  incident  injection  angle,  ^5  degrees. 

-  low  injection  momentum  (5-20  MeV) 


Table  1 :  Laser  peak  power  vs  laser  spot  size 


Laser  spot  size 
(microns) 

Peak  power 
(TW) 

10 

0.8 

30 

7 

50 

20 

The  ATF  electron  accelerator  system  consists  of  a 
photocathode  based  RF  gun,  two  SLAG  type  S-band  linac 
sections  and  three  dedicated  beam  lines.  At  the  exit  of  the 
RF  gun,  the  energy  is  around  4  MeV.  For  most 
experiments,  the  electron  beam  energy  at  the  end  of  the 
linac  is  about  40  MeV,  where  two  linac  sections  provide 
35  MeV.  As  mentioned  in  the  above,  this  novel  vacuum 
laser  acceleration  experiment  favors  the  low  electron 
beam  momentum  to  injection  the  laser  channel,  ~20  MeV. 
This  lower  energy  is  readily  achieved  after  lowering  the 
RF  power  for  two  linac  sections.  The  electron  beam 
performance  at  this  energy,  energy  spread,  emittance 
pulse  length,  may  become  a  little  worse,  but  not  severely. 
The  simulations  show  that  the  emittance  and  energy 
spread  are  --2  mm.mrad,  0.1%,  respectively  for  0.3  nC  and 
20  MeV  beam.  The  small  electron  incident  angle  to  the 
laser  beam,  5  degrees,  is  easily  met. 

Compared  with  existing  beam  parameters  at  the  ATF, 
the  most  challenging  parameter  for  this  experiment  is  the 
laser  peak  power.  At  the  ATF,  we  use  the  C02  laser 
(wavelength  is  10.6  microns)  to  synchronize  and  interact 
with  the  electron  beam.  Presently,  with  a  high-pressure, 
big-aperture  booster  amplifier,  the  ATF  C02  laser  system 
can  operate  up  to  30  GW  of  the  peak  power  in  longer 
pulse,  1 80  ps  with  FWHM,  as  shown  in  Figure  1 . 


3  BEAM  PARAMETERS  AT 
BROOKHAVEN  ATF 

Based  on  the  simulations,  the  electron  beam  can  be 
captured  and  significantly  accelerated  by  focused  laser 
beam  with  higher  accelerating  gradient  when  the  ao 
specifying  the  laser  energy  is  greater  than  8  [1],  which 

corresponds  to  8xlO^^W/cm^  of  the  laser  intensity  for 
10.6  micron  C02  laser.  The  conversion  of  the  laser 
intensity  into  laser  peak  power  for  different  laser  spot  size 
is  given  in  Table  1. 

The  sensitive  role  played  by  the  injection  energy  is 
considered.  On  the  one  hand,  an  initially  slow  electron 
will  not  be  able  to  penetrate  the  high  intensity  regions  of 
the  beam  and  may  be  reflected  with  little  or  no  energy 


Figure  1:  Measured  time  profile  of  the  C02  beam  after 
the  preamplifier 
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The  relatively  long  pnlse  duration  is  due  to  the  narrow 
bandwidth  of  the  preamplifier,  4  atm  and  1  liter  with 
1/200  ps'^  bandwidth.  In  this  year,  C02  laser  upgrade  for 
high  peak  power  is  being  carried  out  at  the  ATF.  Main 
steps  of  the  on-going  upgrade  is  [14]: 

a.  To  generate  1  ps  second  harmonic  of  YAG  laser  in 
KD*P  crystal  for  slicing  C02  laser 

b.  Gate  ~  1  ps  C02  pulse  Kerr  switch  controlled  by 
YAG  second  harmonic. 

c.  Use  10-atm  preamplifier  0.15  littter  to  match  the 
present  booster  amplifier  in  bandwidth,  9  atm  and  9 
liter  Avith  1  THz  bandwidth. 

In  this  summer,  ATF  can  have  the  capability  to  provide 
intensive  laser  with  '-1  ps  pulse  duration  and  the  peak 
power  in  1  TW  level  with  these  upgrades.  The  ultra  small 
laser  beam  size  can  be  achieved  with  strong  focusing 
mirrors.  To  match  the  small  laser  beam  size,  electron 
beam  size  need  to  be  focused  down  to  several  tens  of 
microns,  which  has  been  obtained  in  the  beam  line  with 
miniature  permanent  quads  [15].  According  to  the 
simulations,  the  expected  energy  gain  is  in  order  of  MeV 
with  1  TW  laser  peak  power. 

The  proposed  experimental  elements  can  be 
accommodated  in  an  existing  vacuum  chamber  with  many 
ports.  The  C02  laser  has  an  incident  angle  to  the  electron 
beam.  The  schematic  layout  for  the  experiment  is  shown 
in  Figure  2. 


Green  line:  C02  laser 

Dot  green  line:  C02  laser  axis 

Red  line:  injected  electron  beam  axis 

Black  brick:  mini  permanent  quad  to  focus  the 

electron  beam  size  down  to  several  tens  of  microns. 

Yellow  bricks:  steering  magnets  to  steer  the  electron 

beam  back  to  the  original  electron  beam  axis. 


Figure  2:  The  schematic  layout  of  the  experiment 

As  mentioned  in  the  above,  electron  beam  trajectory  is 
curved  in  the  laser  field  region.  The  electron  beam  can  be 
steered  back  to  the  original  line  (red  straight  line)  with 
steering  magnets  after  the  electron  beam  obtains  the 
energy  and  exit  the  laser  field  region. 


4  SUMMARY 

A  novel  vacuum  laser  acceleration  that  is  different  fi-om 
the  most  vacuum  laser  acceleration  described  with 
ponderomotive  potential  model  is  discussed.  The 
prominent  characteristic  is  that  the  electron  beam 
dynamics  trajectory  is  not  a  straight  line,  but  a  curved 
trajectory  in  the  laser  region  relative  to  the  Z-axis.  In  such 
mechanics,  the  phase  velocity  can  be  kept  below  the 
speed  of  the  light  for  significant  distance  although  it  is  not 
a  constant.  To  meet  this  condition,  the  injected  electron 
beam  is  incident  to  the  laser,  and  its  incident  momentum 
is  about  20  MeV  and  the  laser  peak  power  is  at  least  in 
TW.  An  experiment  to  conduct  the  first  proof-of-principle 
of  this  vacuum  laser  acceleration  is  proposed  at 
Brookhaven  Accelerator  Test  Facility.  The  possibility  to 
realize  these  important  beam  parameters,  incident  angle, 
initial  momentum  and  laser  peak  power  in  TW  level,  is 
discussed.  It  is  shown  that  the  requirement  of  the  electron 
injection  angle  and  momentum  can  be  readily  met.  The 
C02  laser  peak  power  in  TW  level  can  hopefully  be 
achieved  with  the  on-going  C02  laser  upgrades.  Energy 
gain  in  order  of  MeV  is  observed  in  the  simulations  using 
1  TW  laser  power. 

*)  Work  done  under  the  auspices  of  the  US  Department  of 
Energy  under  grant  No.  DE-FG03-92ER40695. 
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SURFACE  ROUGHNESS  EFFECT  ON  A  MOVING  BUNCH 

S.  Banna  and  L.  Schachter,  Electrical  Engineering  Department,  Technion,  Haifa  32000,  ISRAEL 


Abstract 

The  effect  of  surface  roughness  on  a  moving  electron 
bunch  is  considered  by  resorting  to  a  model  of  a  metallic 
structure  with  random  perturbations  on  its  surface.  Based 
upon  this  model  analytic  expressions  have  been 
developed  for  both  the  average  energy  emitted  per  groove 
as  well  as  for  its  standard-deviation.  For  a  relativistic 
bunch  both  quantities  are  shown  to  be  virtually 
independent  of  the  momentum.  Moreover,  it  has  been 
foimd  that  the  standard-deviation  of  the  energy  emitted 
per  groove  is  proportional  to  the  standard-deviation  of  the 
roughness  parameter  to  the  power  of  1/4. 

1  INTRODUCTION 

The  acceleration  structure  of  a  linear  collider  designed 
to  operate  at  X-band  is  manufactured  within  an  accuracy 
of  about  \fim .  These  four  orders  of  magnitude  difference 

between  the  operating  wavelength  and  the  typical  surface 
roughness  will  be  difficult  to  maintain  in  case  of  a 
vacuum  optical  accelerator  operating  at  Ipm  since  such  a 

difference  implies  engineering  at  the  atomic  level  \A° .  In 
fact,  both  the  size  of  the  bunch  as  well  as  the  roughness  of 
the  structure  are  anticipated  to  be  of  the  same  order  of 
magnitude,  leading  to  a  significantly  different  regime  of 
operation  when  compared  to  that  of  a  machine  driven  by  a 
microwave  source.  It  is  the  purpose  of  this  paper  to  put 
forward  the  main  results  of  a  study  aimed  to  the 
investigation  of  the  impact  of  the  surface  roughness  upon 
the  wake-field  of  a  moving  bunch  of  a  size  comparable  to 
the  dimensions  of  the  surface  roughness. 

Several  studies  have  been  conducted  in  the  past  in  order 
to  investigate  the  surface  roughness  effects  upon  wake- 
fields  by  considering  either  single  obstacles  or  periodic 
structures.  For  example,  Kurennoy  et  al.  [1]  have 
developed  a  general  theory  of  beam  interaction  with  small 
discontinuities  of  the  vacuum  chamber  of  an  accelerator. 
The  analysis  was  extended  [2]  to  obstacles  protruding 
inside  the  drift  pipe  of  an  accelerator  for  wavelengths 
larger  compared  to  the  obstacle’s  typical  size.  Further,  an 
evaluation  of  the  coupling-impedance  has  been  presented 
by  Stupakov  [3]  employing  the  so-called  small-angle 
approximation. 

2  FORMULATION  OF  THE  PROBLEM 

In  the  framework  of  our  investigation  a  quasi-analytic 
analysis  facilitating  a  relatively  simple  evaluation  of  the 
wake-field  due  to  surface  roughness  of  arbitrary  size  has 
been  developed.  It  relies  on  an  approach  published  about 
a  decade  ago  in  the  context  of  quasi-periodic  traveling 
output  structures  for  high-efficiency,  high-power 
microwave  sources  [4,5].  The  model  relies  on  a 
cylindrical  waveguide  of  constant  internal  radius  to  which 


a  series  of  grooves  are  attached;  their  geometric 
parameters  i.e.  width,  height  and  location,  are  assumed  to 
be  randomly  distributed,  and  in  principle,  these  grooves 
can  be  large  on  the  scale  of  the  typical  wavelength  of  the 
radiation  driving  the  system.  Details  of  this  study  will  be 
published  separately  [6]. 

In  order  to  analyze  the  wake-field  generated  by  the 
surface  roughness,  consider  a  metallic  structure  consisting 
of  a  random  number  {N)  of  grooves  attached  to  a 
cylindrical  waveguide  of  constant  internal  radius 
as  illustrated  in  Fig.  1.  The  center  of  the  groove  is 
denoted  by  ,  its  width  by  d„  and  its  external  radius  by 
.  An  electron  bunch  of  radius  ,  length  and  a 
total  charge  Q ,  is  moving  along  the  symmetry  axis  of  the 
structure  at  a  constant  velocity  Vq  ,  generating  a  current 
density  denoted  by  (r,  z\  t) . 


Figure  1:  A  finite-size  bunch  moving  in  vacuum  along 
the  axis  of  a  structure  with  random  size  grooves. 


As  the  only  component  of  the  current  density  is  parallel 
to  the  z-axis,  it  is  sufficient  to  consider  only  the 
longitudinal  magnetic  vector-potential  A2  satisfying  the 
non-homogeneous  wave  equation.  Its  solution  has  two 
components:  the  so-called  primary  field  determined  by 
the  current  density  in  the  absence  of  the  metallic  structure 
and  the  so-called  secondary  field  accounting  for  the 
impact  of  the  structure.  Taken  together,  these  fields 
satisfy  the  boxmdary  conditions,  establishing  the  unknown 
amplitudes.  Once  these  amplitudes  have  been  established 
all  the  field  components  may  be  determined;  in  particular 
the  longitudinal  component  of  the  secondary  electric  field 
£'f^(r,z;/).  As  the  bunch  traverses  the  structure,  the 
emitted  power  may  be  expressed  in  terms  of  diis  field 
component  as 


P{t)  =  2;r  j  rdr  J  dzJ^  {r,  z;  {r,  z;  t).  (1) 


Moreover,  the  emitted  energy  is  given  by 


W-- 


-Re 


JjQ  5(Q) 


_  Q" 


-W  (2) 


S{Cl)  representing  the  normalized  spectrum  and  W  the 
normalized  energy.  As  already  indicated,  the  geometrical 
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parameters  of  each  groove  are  random  and  of  the  same 
order  of  magnitude.  Explicitly,  they  are  given  by 


where  g„  is  a  random  variable  that  is  uniformly 


distributed  between  0  and  S  ;  S  will  be  referred  to  as  the 
normalized  roughness  parameter.  The  center  of  the  first 
groove  (^1  )  is  being  chosen  as  a  point  of 

reference  (zj  =0)  and  accordingly,  the  center’s  location 
of  the  (n=2,3,...,A0  groove  is  given  by 


3  DISCUSSION 

Although,  the  analysis  is  valid  for  a  large  variety  of 
values  of  J  ,  the  discussion  that  follows  is  limited  to 
relatively  small  values  of  5  since  if  is  of  the  order  of 
0.5/iw  the  typical  roughness  is  not  expected  to  be  larger 
than  0.1//m  therefore,  we  consider  0<^<0.2. 
Moreover,  the  accelerated  bunch  is  expected  to  be  of  the 
order  of  30°  -^45°  (namely  about  0.i///w  ),  and  as  a  result, 
0.15  <  <  0.30  ;  the  normalized  radius  of  the 

bunch  is  chosen  to  be  =0.5.  In  order  to 

determine  the  characteristics  of  the  emitted  energy 
(average  and  standard-deviation),  a  series  of  simulations 
has  been  performed  where  each  data  point  is  a  result  of 
averaging  over  80  different  distributions  for  a  given  5  . 

In  both  frames  of  Fig.  2  the  spectrum  of  the  emitted 
energy  is  illustrated.  The  left  frame  shows  the  maximum 
and  minimum  values  of  the  normalized  spectrum,  its 
average  value,  its  average  value  plus  the  standard- 
deviation  and  its  average  value  minus  the  standard- 

deviation;  in  all  five  cases  R^  -  0.5 ,  =  0.25 ,  J  =  0.1 

y-\(f .  Evidently,  all  the  curves  overlap  for  high 
frequencies  and  the  deviation  from  the  average  values  for 


low  frequencies  is  less  than  25%.  Furthermore,  as 
illustrated  in  the  right  frame  of  Fig.  2,  the  first  zero  of  the 

spectrum  remains  virtually  unchanged  when  varying  5  , 
In  fact,  this  zero  is  related  to  the  cut-off  frequency  of  the 
cylindrical  waveguide  i.e  Q  =  o)R^^^  lc  =  p^=  2.4048 , 
where  c  is  the  speed  of  light  in  vacuum,  px  being  the  first 
zero  of  Bessel  fimction  of  zero  order  and  fost  kind.  Other 
simulations  indicate  that  the  normalized  spectrum  is 
weakly  dependent  on  y  and  in  fact,  for  the  ultra- 
relativistic  case  the  spectrum  is  virtually  independent  of 
7’ 

After  examining  the  properties  of  the  spectrum,  our 
focus  moves  towards  the  total  energy  emitted, 
establishing  its  dependence  on  the  roughness  parameter 

{5)  with  4  as  a  parameter.  The  left  frame  of  Fig.  3 
illustrates  the  average  value  of  the  normalized  energy  per 
groove  versus  S  ;  (4  =0.15,0.20,0.25,0.30,  4  =0.50) 

and  y  =  10"^ .  Two  facts  are  evident:  firstly,  the  average  as 
well  as  the  normalized  energy  per  groove  {W jN) 

increases  with  the  increase  of  S  .  Secondly,  W  increases 
when  reducing  the  length  of  the  bunch  (ZJ.  Simulations 
reveal  that  the  impact  of  /  for  relativistic  energies  is 
virtually  negligible.  According  to  these  simulations  the 
average  emitted  energy  may  roughly  be  approximated  by 


A  second  important  feature  of  the  emitted  energy  is  its 
normalized  standard-deviation  given  by  the  expression 

The  latter  is 

shown  in  the  right  frame  of  Fig.  3  versus  5  ,  with  as  a 


Figure  2:  Normalized  spectrum  versus  the  normalized  frequency.  Left:  Maximum,  minimum,  average  value  for  the 
normalized  spectrum  and  average  value  plus/minus  one  standard  deviation.  Right:  Average  value  of  the  normalized 
spectrum  for  different  values  of  S  . 


1880 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


5 


< 


0.15 

0.12 

0.09 

0,06 

0.03 

0.00 

0.00  0.04  0.08  ^  0.12  0.16  0.20 

5 


R  =  0.5 

b 

A 

o 

O 

II 

^  ^  A 

..-•^"  5  T  a 

5  A 

/  O  A  ▼  »  9 

*  ^ 

f 

o 

▼  ▼  0  A 

▼  ,  O  A  ^ 

’  I  =0.15 

z 

■ 

fl 

^  L^-0.20 

i 

1 
-  a 
a 
a 

^  I  =  0.25 

z 

a 

a 

: _ ^ ^ ^ 

Figure  3:  Left:  Average  value  of  the  normalized  energy  per  groove  versus  S  .  Right:  Normalized  standard- 
deviation  of  the  energy  out  of  80  different  distributions  versus  d  . 


parameter.  A  best  fit  of  the  simulation  results  reveals  that 
the  standard-deviation  may  be  approximated  by 
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It  should  be  pointed  out  that  the  expression  for  the 
average  energy  per  groove  is  identical  to  that  developed 
for  the  case  of  a  point-charge  moving  in  a  cylinder  of 
radius  bored  in  a  dielectric  or  metallic  medium  [7], 
and  is  almost  equal  to  that  obtained  for  the  case  of  a 
point-charge  moving  in  a  cylindrical  wave-guide  with  a 
periodic  wall  of  arbitrary,  yet  azimuthally  symmetric 
geometry  [8], 


Simulations  indicate  that  the  last  approximation  is 
adequate  for  variety  of  values  for  and  y .  The 

expression  in  Eq.  (5)  constitutes  a  generalization  of  the 
conditions  imposed  in  Eq.  (3)  since  based  on  the  latter  the 
roughness  parameter  S  determines  both  (g)  as  well  as 
Ag  .  In  order  to  identify  the  role  of  each  one  of  the  last 

two  parameters,  the  simulation  was  repeated  for 
fluctiiations  in  the  parameters  of  a  periodic  structure  e.g. 

+  g„  and 

+0-5d„  +0.5d„^,  +g„ . 

4  CONCLUSIONS 

The  characteristics  of  the  electromagnetic  energy 
emitted  by  a  bxmch  traversing  a  number  of  grooves  of 
random  geometry  were  established.  Of  special  interest  are 
the  average  and  the  standard-deviation  of  the  emitted 
energy  per  groove  in  terms  of  the  average  roughness 
(g)  and  its  standard-deviation  Ag  .  The  main  result  of  the 

present  study  may  be  expressed  in  terms  of  these  two 
quantities  as  given  in  Eqs.  (4)  and  (5).  These  relations  are 
valid  for  relativistic  energies  (;^  >  50 )  and  independent  of 

the  radius  of  the  bunch  provided  R^^  <  R^^^  jl .  For  a  point- 
charge  =  0)  and  for  practical  structures  where 
S^OAR^^^  the  expression  for  the  average  energy  per 
groove  reads 
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Abstract 

The  PIC  code  KARAT  is  used  to  study  the  interference 
between  transition  radiation  and  Cerenkov  wake  field  radi¬ 
ation,  set  up  by  the  passage  of  a  bunch  of  charge  through  a 
didectric  structure  of  finite  length.  An  example  studied  is  a 
tall,  dielectric-lined  rectangular  wake  field  microstructure, 
recently  proposed  as  a  stageable  element  of  an  advanced 
linear  accelerator,  which  would  use  a  train  of  femtosecond 
duration  bunches.  These  bunches  would  be  chopped  out  of 
a  longer  bunch  using  a  powerful  CO2  laser  and  formed  into 
a  rectangular-profile  bunch  by  a  quadrupole.  The  bunches 
set  up  a  periodic  wake  field  which  can  be  built  up  to  as 
much  as  600  MV/m  using  ten  3-fs  bunches  each  contain¬ 
ing  a  charge  of  1-pC.  Of  interest  is  the  difference  in  rela¬ 
tive  propagation  speeds  of  the  transition  radiation  and  the 
Cerenkov  radiation  (which  advances  almost  at  c),  arid  the 
relative  magnitudes  of  the  fields. 

INTRODUCTION 

Acceleration  of  electrons  in  wake  fields  set  up  by  a  se¬ 
ries  of  driving  bunches  in  a  dielectric  structure  has  shown 
promise  as  a  linear  accelerator  in  which  large  gradient  elec¬ 
tric  fields  might  be  possible  [1,2].  Such  wake  fields  are 
appealing  because  they  do  not  require  power  injected  into 
the  structure  from  an  external  source,  but  rather  use  fields 
set  up  by  bunches  obtained  from  a  conventional  rf  linac. 
Recently,  we  have  studied  the  use  of  tall,  planar  dielectric 
wake  field  structures  having  micron-scale  dimensions  [3]. 
Such  structures  are  capable  of  precision  manufacture  us¬ 
ing  microcircuit  technologies,  and  have  the  capability  of 
achieving  very  high  field  gradients:  indeed,  a  series  of  ten, 
3-fs,  1-pC  charge  bunches  has  recently  been  shown  to  set 
up  a  wake  field  of  ^  600  MV/m  in  a  structure  20  fim  x 
150  fim  in  cross  section  [4].  The  bunches  are  10  fim  wide, 
and  dielectric  slabs  a  few  //m  thick  line  the  structure  (see 
Fig.  1).  Planar  dielectric  structures  offer  the  attraction  of 
improving  the  stability  of  the  bunch  motion  and  the  amount 
of  charge  carried  compared  with  a  cylindrical  structure  of 
comparable  size,  and  the  small  transverse  dimension  per¬ 
mits  a  large  wakefield  to  be  developed. 

The  bunches  could  be  obtained  initially  from  a  500  MeV 
rf  linac-type  source,  and  are  processed  using  a  LACARA 
accelerator  “chopper”  [3],  or  possibly  an  IFEL  [5]  used  as 
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e-bunch 

Figure  1 :  Schematic  of  slab  bunch  within  a  planar  dielectric 
wake  field  structure. 

a  “pre-buncher”,  so  as  to  obtain  a  sequence  of  bunches  a 
few  fsec  in  duration.  A  TW  CO2  laser  is  used  as  a  “mod¬ 
ulator”  [3]  of  the  original  psec,  nC  bunch  provided  by  the 
linac  to  form  such  a  sequence  of  short  bunches,  periodically 
spaced,  each  having  charge  in  the  pC  range.  These  drive 
bunches,  the  energy  of  which  can  be  recycled,  would  be  fol¬ 
lowed  by  an  accelerated  bunch  which  is  situated  in  the  ac¬ 
celerating  component  of  Ez  which  follows  the  drive  bunch 
train.  In  this  way  fields  comparable  with  those  achieved  in 
laser  plasma  wake  field  accelerators  can  be  set  up,  yet  the 
energy  is  obtained  largely  from  the  rf  linac  source  rather 
than  a  laser.  We  have  found  that  it  is  possible  to  distort  the 
original  circular  cross  section  of  the  input  bunches  into  a 
near  rectangular  profile,  using  a  quadrupole,  and  that  the 
rectangular  profile  is  maintained  for  a  distance  >  10  cm  of 
travel  [3]. 

Transverse  fields  set  up  by  the  bunch  have  been  calcu¬ 
lated,  and  an  estimate  has  been  made  of  how  far  a  drive 
bunch  might  travel  without  additional  focusing  [6]  (^^  7.1 
cm).  Also,  studies  have  been  made  of  fields  in  3D  using 
the  PIC  code  KARAT  [7],  and  show  that  the  Ez  compo¬ 
nent  of  wake  field  is  rather  uniform  across  the  structure.  In 
the  structure  under  study,  the  wake  fields  are  dominated  by 
two  modes  having  nearly  the  same  periodicity. 

FIELDS  FROM  A  SINGLE  BUNCH 

The  transition  radiation  which  is  emitted  when  the  bunch 
enters  or  leaves  the  structure  is  typically  omitted  in  analytic 
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theoretical  treatments  of  the  wake  fields.  The  transition 
radiation  effect  was  remarked  upon  in  [4,  8]  and  was  re¬ 
cently  treated  analytically  using  a  simplified  model  by  On¬ 
ishchenko,  et  al  [9].  Qualitatively,  the  transition  radiation 
emitted  by  the  entry  of  the  bunch  into  the  structure  inter¬ 
feres  with  the  wake  field  radiation  in  a  certain  region.  This 
region  extends  from  the  point  where  the  bunch  enters  the 
structure  to  a  front  which  expands  with  the  group  velocity 
of  waves  in  the  structure.  As  the  bunch  and  its  wake  field 
move  with  nearly  the  speed  of  light,  the  expanding  region 
between  the  transition  zone  and  the  bunch  fills  with  wake 
field  radiation  which  resembles  that  emitted  by  the  bunch 
in  an  infinitely  long  structure.  However,  the  group  velocity 
depends  on  the  mode  frequency,  so  in  cases  of  multimode 
operation  (see  e.g.  [8])  the  transition  radiation  zone  would 
not  be  very  clear.  It  shows  up  more  clearly  in  the  exam¬ 
ple  of  wake  field  structures  in  which  mainly  one  mode  is 
excited  [9],  which  is  the  case  studied  here.  The  planar  di¬ 
electric  structure  studied  here  is  18.8  ixm  x  30  /im  x  120 
lim  long.  The  dielectric  slab  is  1.9  ^m  in  thickness  and  has 
a  dielectric  constant  of  3.  The  vacuinn  channel  is  15  /xm 
wide.  The  microbunch  has  a  charge  of  0.2-pC  and  its  pulse 
duration  is  3.3-fs  long.  The  transverse  profile  of  the  bunch 
is  10  /xm  X  26  /xm. 


(a)  at  150  femtosecond 


(b)  at  350  femtosecond 


Figure  2:  Transition  radiation  and  wake  field  from  a  single 
bunch. 

Figure  2  shows  the  axial  field  Ez  pattern  in  the  x-z  plane 
at  the  midway  y-plane,  at  150-fs  and  350-fs  after  the  en¬ 


try  of  the  first  bunch  into  the  structure.  [These  are  color 
figures.  The  color  scale  indicates  the  magnitude  of  the 
field  and  the  color  itself  represents  the  field’s  polarity  (red 
for  positive  polity  and  blue  for  negative).]  The  excited 
wake  field  alternates  its  polarity,  thus  the  color  in  the  fig¬ 
ures  too,  periodically.  In  Fig.  2(a),  the  electron  bunch  has 
just  entered  the  structure  for  a  short  period  of  time  (150- 
fs),  such  that  the  transition  radiation  dominates  and  only 
one  wake  field  period  is  seen  following  the  electron  bunch. 
As  the  electron  bunch  traverses  into  the  structure  further 
(Fig.  (2b)),  the  wake  field  radiation  pulls  away  from  the 
transition  radiation,  due  to  the  difference  in  their  propa¬ 
gation  speeds,  and  several  wake  field  periods  are  formed. 
The  period  of  the  wake  field  is  close  to  20  /xm.  We  also  see 
the  region  where  the  transition  radiation  intereferes  with 
the  wake  field  radiation  gradually  expands,  as  the  elec¬ 
tron  bunch  propagates  further.  The  propagation  speed  of 
the  head  of  the  wake  field  radiation  is  that  of  the  bunch, 
whereas  the  propagation  speed  of  the  transition  radiation 
front  is  estimated  at  about  1.7  x  10^^  cm/sec,  close  to  c 
(further  study  is  needed  to  determine  the  propagation  speed 
of  the  transition  radiation).  The  magnitude  of  the  wake 
field  (Ez)  is  ~  40  MV/m,  whereas  the  magnitude  of  the 
transition  radiation  is  weaker,  at  10  MV/m,  an  decrease 
which  is  consistent  with  the  simplified  analytic  model  by 
Onishchenko,  et  al  [9]. 

FIELDS  FROM  THREE  BUNCHES 

For  the  excitation  of  the  wake  field  in  a  dielectric  struc¬ 
ture,  a  high  gradient  accelerating  field  can  be  obtained  by 
using  a  train  of  bunches,  carefully  spaced  at  the  wake  field’s 
period  [1, 2]. 

For  the  dielectric  structure  in  which  mainly  one  mode  is 
excited,  transition  radiation  has  an  effect  on  the  build-up  of 
the  wake  field  generated  by  a  train  of  bunches.  The  dielec¬ 
tric  structure  we  studied  here  is  such  a  structure.  For  the 
PIC  code  Karat  simulation,  the  bunches  are  placed  20  /xm 
apart  to  match  the  wake  field  period  of  this  planar  structure 
and  to  permit  the  build-up  of  the  wake  field  by  coherent  su¬ 
perposition.  All  other  parameters  are  the  same  as  the  sim¬ 
ulation  for  a  single  bunch.  Figure  3  shows  the  axial  field 
Ez  in  the  x-z  plane  at  mid  y-plane  at  200-fs  and  250-fs. 
The  build-up  of  the  wake  field  is  evidenced  for  the  first  2 
bunches  of  Fig.  3(a).  The  third  bunch  in  Fig.  3(a),  is  still 
in  the  transition  radiation  zone  and  the  wake  fields  of  the 
three  bunches  don’t  add  up  linearly  because  of  the  inter¬ 
ference  between  the  transition  radiation  and  the  Cerenkov 
wake  field  radiation.  As  the  bunches  advance  further  away 
from  the  transition  radiation  region  (Fig.  (3b)),  the  build¬ 
up  of  the  wake  field  is  evidenced  for  all  three  bunches.  Fig¬ 
ure  4  is  the  Ez  V5  z  plot  along  the  center  of  the  planar  struc¬ 
ture  and  gives  a  clear  reading  of  the  magnitude  of  the  wake 
field.  The  intereference  effect  of  the  transition  radiation  is 
clearly  seen  in  Fig.  4(a),  as  the  magnitude  for  2nd  and  3rd 
wake  field  is  nearly  the  same. 
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(a)  200  femtosecond 
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(b)  250  femtosecond 


Figure  3:  Transition  radiation  and  wake  field  from  three 
bunches. 


CONCLUSIONS 

We  have  studied  the  interference  effect  between  the  tran¬ 
sition  radiation  and  the  Cerenkov  wake  field  radiation  in  a 
planar  dielectric  structure  using  the  PIC  code  Karat.  We 
have  chosen  a  structure  where  mainly  one  mode  is  excited. 
The  transition  radiation  is  important  when  the  bunch  has 
just  entered  the  structure.  Due  to  the  difference  in  propa¬ 
gation  speed  between  the  transition  radiation  and  the  wake 
field  radiation,  a  train  of  periodic  wake  fields  is  excited  as 
the  bunch  advances  further  into  the  structure.  The  transi¬ 
tion  radiation  also  has  an  effect  on  the  build-up  of  the  wake 
field  by  a  train  of  bunches.  This  is  a  problem  for  system 
that  uses  a  very  long  train  of  drive  bunches  to  build  up  the 
accelerating  wake  field  in  a  short  structure  [10]. 
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Abstract 

A  laser  injection  mechanism  that  generates  a  single 
pulse,  high  quality  beam  is  described.  In  the  past,  differ¬ 
ent  all-optical  injection  schemes  for  the  generation  of  ul¬ 
trashort  electron  bunches  were  proposed.  A  very  promis¬ 
ing  scheme  proposed  by  E.  Esarey  [1]  uses  the  collision 
of  two  counterpropagation  laser  pulses  to  inject  particles. 
However,  the  results  of  ours  2D  particle-in-cell  (PIC)  sim¬ 
ulations  have  shown  that  in  addition  to  the  bunch  created  by 
pulse  collision,  a  train  of  pulses  is  also  generated  by  a  dif¬ 
ferent  mechanism.  In  this  paper  we  show  that  is  possible  to 
achieve  a  single  pulse,  high  quality  beam  if  the  generation 
of  the  plasma  wakefield  takes  place  in  a  channel  and  par¬ 
ticles  are  injected  by  a  phase-kick  mechanism  [J.  Cary  at 
this  conference].  We  have  performed  2D  PIC  simulations 
of  our  proposed  injection  scheme  using  the  code  VORPAL 
[C.  Nieter  at  this  conference].  We  have  obtained  a  high 
quality  11  MeV.,  6  fs.  single  electron  bunch  with  energy 
spread  of4%  and  emittance  of  O.OItt  —  mm  —  mrad. 

INTRODUCTION 

Plasma-based  accelerators  [2]  -  [3]  have  received  much 
theoretical  and  experimental  attention  in  the  last  decade 
due  to  the  large  longitudinal  electric  fields  that  can  be 
excited  in  a  plasma  without  the  limitations  found  in 
conventional  accelerators.  One  widely  investigated  and 
very  promising  concept  is  the  laser  wakefield  accelera¬ 
tor  (LWFA)  [6],  in  which  a  laser  drives  a  wake  field  in 
the  plasma  and  the  wake  field  then  accelerates  electrons. 
Self-trapping  and  acceleration  of  electrons  have  been  de- 
mostrated  through  many  experiments  [6]  -  [7]  in  the  self- 
modulated  (long  pulse)  LWFA.  In  this  case  the  wake  field 
grows  through  the  modulation  instability  to  the  point  where 
wave-breaking  occurs.  The  resulting  electron  beams  typi¬ 
cally  have  100%  energy  spread.  In  the  short  pulse  regime, 
where  the  length  of  the  laser  pulse  is  of  the  order  of  the 
plasma  wavelength  c/ujp,  one  can  create  clean  wake  fields, 
but  then  one  has  the  problem  of  injecting  electron  bunches 
into  those  accelerating  fields.  Such  bunches  would  have 
to  be  extremely  short,  with  length  of  the  order  of  the  laser 
pulse  length,  i.e.,  multiple  femtoseconds.  These  require¬ 
ments  are  beyond  current  technology  including  that  of  pho¬ 
tocathode  radio-frequency  electron  guns.  The  rest  of  the 
paper  is  organized  as  follows:  in  Sec.  2  we  describe  our  in¬ 
jection  scheme  and  give  a  brief  description  of  the  VORPAL 


code.  In  Sec.  3  we  present  the  results  of  the  simulations, 
and  summary  and  conclusions  are  presented  in  Sec.  4. 

PARTICLE  INJECTION  SCHEME  IN  A 
PLASMA  WAKE  FIELD 

The  accelerating  electric  field  (or  gradient)  in  conven¬ 
tional  radio  frequency  linear  accelerators  is  limited  to 
around  100  MV/m,  partly  due  to  heating  or  breakdown 
on  the  walls  of  the  structures.  In  order  to  accelerate  elec¬ 
trons  to  very  high  energies  (greater  than  1  TeV),  it  is  nec¬ 
essary  to  develop  new  acceleration  concepts  providing  a 
higher  electric  field.  Plasmas  can  support  large  high  lon¬ 
gitudinal  electric  fields.  More  precisely,  ionized  plasmas 
can  sustain  electron  plasma  waves  (EPW)  with  longitudi¬ 
nal  electric  field  on  the  order  of  the  nonrelativistic  wave¬ 
breaking  field  [5],  Eq  —  cmeUJpfe.  For  an  electron  density 
of  Ue  —  10^®cm“^  the  electric  field  is  Eq  ^  lOOGV/m 
(which  is  approximately  three  orders  of  magnitude  greater 
that  obtained  in  conventional  RF  linacs)  with  a  phase  ve¬ 
locity  close  to  the  speed  of  light. 

In  the  laser  wakefield  accelerator  (LWFA),  a  single  short 
(<  Ips.),  ultrahigh  intensity  (>  lO^^W/cm^)  laser  pulse 
injected  in  an  underdense  plasma  excites  an  EPW  behind 
the  pulse.  The  plasma  wake  is  excited  by  the  ponderomo- 
tive  force  created  by  the  photons.  A  correctly  placed  trail¬ 
ing  electron  bunch  can  be  accelerated  by  the  longitudinal 
electric  field  and  focused  by  the  transverse  electric  field  of 
the  plasma  wake. 

For  this  reason,  all-optical  injection  schemes  have  been 
proposed.  Recently  E.  Esarey  and  coworkers  [1]  proposed 
a  colliding  laser  pulses  scheme  that  uses  three  laser  pulses. 
An  intense  pump  pulse  generates  a  fast  (Vpo  «  c)  wake 
field.  A  forward  going  and  a  backward  going  injection 
pulses  collide  at  some  distance  behind  the  pump  pulse  gen¬ 
erating  a  slow  ponderomotive  beat  wave  with  phase  veloc¬ 
ity  Vph  «  Au;/2fco.  During  the  time  in  which  the  two  in¬ 
jection  pulses  overlap,  the  slow  beat  wave  injects  plasma 
electrons  into  the  fast  wake  field  for  acceleration  to  high 
energies. 

In  any  of  the  optical  injection  schemes,  one  beamlet  of 
electron  is  supposed  to  be  generated.  However  our  2D  PIC 
simulations  of  the  colliding  pulses  scheme  and  phase-kick 
injection  show  that  multiple  beams  are  generated  instead  of 
a  single  beamlet  (see  Fig.  1). 

In  all  these  schemes  the  wake  field  has  to  be  high  enough 
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Figure  1:  Particles  in  x 
tion.  We  observed  that 


that  transverse  wakebreaking  takes  place  and  we  get  parti¬ 
cles  injected  in  each  accelerating  bucket.  We  propose  to 
modify  the  structure  of  the  wake  field  such  that  only  one 
wavelength  has  high  intensity  (therefore,  only  one  accel¬ 
erating  bucket  will  be  suitable  for  injection).  In  order  to 
reduce  the  wake  field  the  pump  pulse  is  propagated  in  a 
plasma  channel.  With  the  right  plasma  parameters,  the 
Wakefield  will  be  rapidly  dumped  and  only  one  beamlet 
will  be  generated.  Paiticle  injection  is  conducted  by  a  sec¬ 
ond  conterpropagating  laser  pulse  which  will  beat  with  the 
pump  and  kick  particles  into  an  invariant  curve  that  is  ac¬ 
celerated,  longitudinal  trapped  and  transversely  focused. 

To  carry  out  our  simulations,  we  have  made  use  of  the 
VORPAL  simulation  code  [10].  VORPAL  is  a  fully  rela¬ 
tivistic  fiuid/PIC  code  that  can  be  run  in  1,  2,  or  3  dimen¬ 
sions.  (The  work  presented  here  consists  of  2-D  simula¬ 
tions).  Among  other  situations,  the  VORPAL  code  can  be 
used  to  simulate  the  self-consistent  dynamics  of  relativistic 
particles  in  electromagnetic  fields.  Because  only  the  region 
of  the  plasma  near  the  pulse  is  of  interest,  it  is  possible  to 
implement  a  moving  window  algorithm  [9], such  that  the 
simulation  follows  the  small  region  of  interest  and  ignores 
the  rest  of  the  device.  The  code  is  also  implemented  in  par¬ 
allel  through  the  Message  Passing  Interface(MPI).  Parallel 
computation  is  critical  for  these  computationally  intensive 
simulations.  The  laser  pulses  used  in  the  simulation  were 
modeled  as  linearly  polarized  Gaussian  in  the  transverse  di¬ 
rection  and  have  an  amplitude  variation  that  at  the  focus  is 
longitudinally  a  half-sine  pulse, 

=  - - - cos  (7r(a;  -xq-  Vgit)/Li) 

exp  {-y^/2wl)  cos{kiX  +  ujit)  (1) 

For  |x  —  lot  ^  Li/2,  where  the  subscript  i  is  either  p,  f 
for  the  pump  or  the  forward  pulse  (with  the  -  sign  in  the 
argument  of  the  last  cosine),  or  b  for  the  backward  pulse 
(with  the  +  sign  in  the  argument  of  the  last  cosine).  The 
amplitude  Ui  is  in  units  if  rrieC.  The  length  of  the  pulse  is 
Li,  and  Wi  is  the  rms  width  of  the  pulse. 


SIMULATIONS  RESULTS 

The  electron  plasma  density  was  rieo  =  2.78  x 
10^’'cm"3  which  corresponds  to  a  wavelength  of  Xp  = 
20/im  and  to  a  plasma  frequency  Wp  =  9.4x  The 

laser  pulses  were  linearly  polarized  with  transverse  Gaus¬ 
sian  profile.  The  minimum  laser  spot  size  was  20pm  and 
the  Rayleigh  length  was  about  31Ap.  The  laser  pulse  length 
was  chosen  to  be  about  Ap/2.  The  pump  laser  intensity 
was  II  =  5.8  X  lO^’^W/cm?  and  the  laser  wavelength 
Ao  =  2.0pm.  the  backward  pulse  had  A2  =  2.0pm  and 
intensity  II  =  5.8  x  lO^’^W/cm?  and  pulse  length  was  Xp. 
The  plasma  channel  radius  is  8.0pm.(see  Fig.  2). 
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Figure  2:  Electron  density  distribution  at  t  =  0  shown  in 
x-y  phase-space 

The  length  of  the  simulation  box  was  =  200//m  in 
the  X  and  Ly  =  100//m  in  the  Y  direction.  The  computa¬ 
tional  mesh  consisted  of  1200  cells  in  the  X  direction  and 
200  cells  in  the  Y  direction.  The  simulation  used  about 
1 ,200,000  computational  particles. 

The  pump  pulse  is  launched  into  a  vacuum  region  of  20 
/xm.  It  follows  a  (1  -  cosine)  rise  density  of  40  /xm,  and 
then  a  flat  density  region  of  120  /xm.  At  ct  =  195yLX7n, 
the  moving  window  is  turned  on.  The  pulses  collided  at 
ct  —  155^m. 
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Figure  3:  Longitudinal  Electric  field  as  a  function  of  dis¬ 
tance  of  propagation  right  before  collision  takes  place.  No¬ 
tice  the  fast  decay  of  the  plasma  wake  field  due  to  the  chan¬ 
nel. 
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Figure  3  shows  the  longitudinal  electric  field  on  axis  be¬ 
fore  collision  takes  place.  We  observe  the  pump  pulse  prop¬ 
agating  to  the  right  and  behind  the  wake  field  that  creates. 
We  clearly  see  the  rapid  decay  of  in  the  wakefield  intensity 
due  to  the  propagation  in  the  channel. 
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Figure  4:  (a)  Snapshot  of  electrons  inX  —  Vx  phase-space, 
(b)  Snapshot  of  electrons  inY  ~Vx  phase-space  right  after 
collision. 

Figures  4  and  5  are  snapshots  of  electrons  in  X  —  Vx 
and  Y  —  Vx  phase-space  at  right  after  collision  occurs  and 
after  close  to  one  Rayleigh  length  of  propagation  respec¬ 
tively.  We  observe  that  after  close  to  one  Rayleigh  length 
of  propagation  a  high  quality,  single  beam  is  obtained.  The 
beam  pulse  length  is  6.6  fs.,  while  the  relative  rms  energy 
spread  px  /  Px  is  4%.  The  faster  particles  are 
at  a  relativistic  factor  of  =  22  in  about  600/xm,  which 
corresponds  to  an  accelerating  gradient  of  2AGeV/m.  The 
quality  of  the  beam  is  also  good.  The  transverse  emittance 
is  0.0 Itt  —  mm  —  mrady  which  implies  a  normalized  emit¬ 
tance  of  O.SStt  “  mm  —  mrad, 

CONCLUSIONS 

We  have  shown  2D  PIC  simulations  performed  with  the 
code  VORPAL  of  a  new  particle  injection  into  a  plasma 
wakefield  scheme.  PIC  simulations  of  previous  all-optical 
injection  schemes  produced  a  train  of  beamlets  instead  of  a 
single  beam.  We  have  managed  to  avoid  the  multiple  beam 
injection  by  propagating  the  pump  laser  pulse  in  a  plasma 
channel  to  allow  a  rapid  dacay  of  the  plasma  wake  field.  A 
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Figure  5:  (a)  Snapshot  of  electrons  in  X  ^  14  phase-space, 
(b)  Snapshot  of  electrons  inY  —  Vx  phase-space  after  about 
one  Rayleigh  length  of  propagation. 

second  counterpropagating  laser  pulse  is  used  to  inject  par¬ 
ticles  into  the  first  accelerating  bucket  through  a  phase-kick 
mechanism.  After  almost  one  Rayleigh  length  of  propa¬ 
gation  a  high  quality,  single  beam  is  obtained.  The  beam 
pulse  length  is  6.6  fs,  with  rms  energy  spread  of  4%  and 
normalized  transverse  emittance  of  O.SStt  —  mm  —  mrad 
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Abstract 

We  present  a  method  to  vary  the  resonant  frequency  of 
zl  dielectric  loaded  accelerating  (DLA)  structure  driven 
by  either  the  wakefield  of  a  beam  or  an  external  rf  source. 
The  structure  consists  of  a  thick  ceramic  layer  backed  by  a 
thin  layer  of  ferroelectric.  The  overall  frequency  of  the 
DLA  structure  is  tuned  by  applying  a  DC  bias  voltage  to 
the  ferroelectric  layer  in  order  to  vary  its  permittivity. 
This  scheme  is  needed  to  compensate  for  frequency  shifts 
in  DLA  structures  due  to  machining  imperfections  and 
dielectric  constant  heterogeneity.  We  have  identified  BST 
ferroelectric-oxides  compoimds  as  a  suitable  material  for 
this  application;  it  has  a  relative  dielectric  constant  that 
can  be  tuned  from  300  to  500.  From  this,  we  calculate’that 
the  overall  frequency  of  the  structure  can  be  tuned  over  a 
range  of  (2^4)%  for  an  X-band  DLA  structure.  In  this 
paper,  a  detailed  model  of  the  DLA  structure  is  given  and 
an  experimental  test  is  proposed.  We  present  cold  test 
measurements  for  an  11.424  GHz  planar  tunable  DLA 
structure. 

INTRODUCTION 

Frequency  control  of  any  accelerating  structure  is  a 
fimdamental  issue.  Synchronization  between  the  electron 
beam  velocity  and  the  phase  velocity  of  the  accelerating 
field  must  be  maintained  in  order  for  the  bunch  to  gain 
energy.  A  frequency  error  in  the  accelerating  structure 
will  result  in  a  change  in  the  phase  velocity  of  the 
accelerating  field  and  thus  a  loss  of  synchronization 
between  the  beam  and  field.  Lack  of  frequency  control 
also  causes  problems  for  multistage  accelerators  where 
one  has  to  match  the  accelerating  field  frequencies 
between  adjoined  sections.  One  can  see  that  the  capability 
of  tuning  the  accelerating  structure  is  a  basic  necessity  for 
acceleration. 

The  frequency  spectrum  of  a  conventional,  metallic 
accelerating  structure  is  defined  by  the  geometry  of  the 
waveguide.  In  addition  to  geometry,  the  frequency 
spectrum  of  a  DLA  structure  is  also  affected  by  the 
ceramic  loading  inside  the  conducting  walls.  For  example, 
if  we  design  it  for  1 1.424  GHz,  choose  a  ceramic  material 
with  the  dielectric  constant  of  1 6,  and  an  inner  radius  of 
5mm,  then  the  outer  radius  is  6.647  mm.  For  this 
particular  structure,  the  phase  velocity  of  the  accelerating 
mode  will  be  mismatched  to  the  electron  beam  speed  by 
7.03%  if  the  outer  radius  of  the  structure  increases  by 
0.1%,  or  6.7  pm.  One  can  see  that  the  dispersion  curves  of 
the  waveguides  are  very  sensitive  to  the  geometry.  We 
also  point  out  here  that  the  dielectric  constant 


homogeneity  along  the  waveguide  has  technological 
limitations  due  to  the  manufacturing  techniques  used  for 
the  ceramic  tubes  e.g.  particle  size  dispersion  and  firing 
temperature  variation  inside  the  furnace.  Thus,  the  DLA 
structure  requires  a  method  of  tuning  to  avoid  an  overly 
stringent  machining  tolerances  and  expensive  ceramic 
material  manufacturing  processes. 

BASIC  CONCEPTS:  HOW  TO  VARY  THE 
PERMITTIVITY 

There  are  two  classes  of  materials  that  can  be  tuned,  in 
other  words,  materials  with  electromagnetic  properties 
that  can  be  controlled  by  external  fields:  ferrites, 
controlled  by  magnetic  fields,  and  ferroelectrics, 
controlled  by  electric  fields.  Ferrite  material  does  not 
appear  to  be  a  practical  solution  for  high  frequency,  high 
gradient  accelerators  because  of  its  extremely  high  loss 
factor  and  also  because  the  magnetic  field  will  interfere 
with  the  electron  beam  optics.  The  use  of  ferroelectrics  for 
tuning  purposes  would  appear  to  be  a  natural  solution, 
except  for  the  fact  that  ferroelectrics  are  very  lossy  in  the 
>10  GHz  frequency  range.  The  typical  loss  factor  for 
BaxSri.xTiOs  (BST)  ferroelectric,  commonly  used  at  room 
temperature,  is  (l-^3)xl0‘^  near  10  GHz  frequency  range. 
However,  a  new  scheme  involving  ferroelectrics  [1,2] 
allows  control  of  the  dielectric  constant  (and  consequently 
the  frequency  spectrum)  for  the  dielectric  waveguides  by 
incorporating  ferroelectric  layers.,  while  simultaneously 
having  low  loss.  For  example,  the  loss  factor  for  a  good 
linear  microwave  ceramic  is  (0.5'^”5)xl0’^. 

We  propose  to  use  a  combination  of  ferroelectric  and 
ceramic  layers  to  permit  tuning  of  a  composite  ceramic- 
ferroelectric  waveguide  while  keeping  the  overall  material 
loss  factor  in  the  (4^5)xl0''*  range.  It  will  be  shown  that 
the  losses  in  our  composite  structure  are  comparable  to 
the  losses  in  conventional  DLA  structures  that  consist  of  a 
single  dielectric  cylinder  inserted  into  a  conductive  copper 
jacket. 

The  most  notable  feature  of  the  tunable  DLA  is  the 
replacement  of  a  single  ceramic  by  a  composite  of 
2  layers  as  shown  in  Fig.  1.  The  inner  layer  is  ceramic, 
with  permittivity  £i,  typically  in  the  range  of  4^36.  The 
outer  layer  is  a  thin  film  made  of  BST  ferroelectric,  of 
permittivity  E2j  placed  between  the  ceramic  layer  and  the 
copper  sleeve.  The  DLA  structure  tuning  is  achieved  by 
varying  the  permittivity,  £2,  of  the  ferroelectric  film  by 
applying  an  external  DC  electric  field  across  the 
ferroelectric.  This  allows  us  to  control  the  effective 
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dielectric  constant  of  the  composite  system  and  therefore, 
to  control  of  the  structure  frequency  during  operation. 

The  basic  design  of  the  cylindrical  geometry  is  shown 
in  Fig.  2.  The  relative  depths  of  the  layers  in  this  figure 
are  not  to  scale;  the  ferroelectric  layer  is  actually  10  times 
thinner  than  the  ceramic  layer. 


Figure  1.  Basic  designs  of  tunable  dielectric  accelerating 
structures,  cylindrical  geometry,  outer  layer  is 
ferroelectric,  inner  layer  is  ceramic. 

The  typical  thickness  is  (2-^-3)  mm  for  the  ceramic  layer 
and  (200’^'300)  pm  for  ferroelectric  film.  It  should  be 
mentioned  that  this  geometric  ratio  of  10  plays  an 
important  role  for  this  structure  design.  The  dielectric 
constant  of  the  BST  ferroelectric  is  typically  within 
1000*^2000,  and  we  have  reduced  this  by  using  a 
composition  of  BST  and  oxides  to  300-^500  to  avoid  any 
extra  magnetic  loss  at  the  conducting  walls.  A  DC  field 
can  vary  this  dielectric  constant  in  the  range  of  (20-J-30)% 
or  about  100  units.  Thus  the  primary  ceramic  layer  with 
the  dielectric  constant  of  (4-J-20)  and  (2^3)  mm  in 
thickness,  will  be  tuned  by  the  comparatively  thin 
(200-^300)  pm  ferroelectric  layer.  The  loss  factor  of  this 
composite  DLA  structure  will  be  about  the  same  as  the 
ceramic-only  structure  due  to  the  geometric  ratio,  since 
the  volume  of  high  loss  ferroelectric  material  is  much 
smaller  than  that  of  the  basic  ceramic. 

Numerical  Simulations 

We  have  simulated  the  radial  dependence  of  the 
electric  field  components  for  the  11.424  GHz  dielectric 
loaded  cylindrical  waveguide  with  the  ferroelectric  layer 
of  200  pm  and  dielectric  constant  of  500  excited  by  the 
high  current  beam  of  100  nC,  Oz  =  2  mm.  The  accelerating 
gradient  of  30  MV/m  is  flat  inside  the  vacuum  channel 
and  decays  rapidly  inside  the  ceramic  layer.  The 
ferroelectric  tunability  depends  on  the  ratio  between  the 
DC  and  RF  axial  field  magnitudes.  The  DC  field  inside 
the  ferroelectric  layer  does  not  exceed  lOV/p.  Our 
simulations  show  that  the  maximum  longitudinal  field 
inside  the  ferroelectric  layer  for  the  11.424  GHz  structure 
is  Ez  =  0.23  MV/m  and  therefore  Ezvacuum-Ezferro  -  166  and 
EociEzferro  =  43.5.  Thcse  ratios  mean  that  the  ferroelectric 
layer  remains  tunable  since  the  effect  of  the  beam  and  RF 
field  is  negligible  in  comparison  with  the  DC  field 
between  the  microstrip  contacts.  It  should  be  mentioned 
that  transverse  field  magnitude  is  much  less  than  the 
longitudinal  inside  the  ferroelectric  as  well, 

EZferro  Erfejxo* 


Microstrips 

One  has  to  supply  a  dc  field  into  the  ferroelectric  layer 
to  vary  the  dielectric  constant  of  the  structure  loading.  We 
have  developed  a  technique  to  deposit  copper  microstrip 
(using  a  photolithography)  on  substrate  samples  in  order 
to  measure  the  tunability  and  loss  tangent  of  an  11.424 
GHz  planar  structure.  The  microstrip  geometry 
configuration  used  for  supplying  the  bias  field  to  the 
ferroelectric  layer  also  suppresses  the  transverse  dipole 
Wakefield  suppression.  This  is  discussed  in 
[A.  Kanareykin  et  al,  TPPG041,  these  Proceedings], 

FERROELECTRIC  PROPERTIES 

A  promising  principle  to  tune  microwave  devices  is  the 
use  of  the  nonlinearity  of  a  ferroelectric  material.  A 
ferroelectric  crystal  or  ceramic  is  a  material  with  a 
spontaneous  dielectric  polarization  below  a  Curie 
temperature  Tc.  A  representative  ferroelectric  material  is  a 
BaTiOs  -  SrTiOs  solid  solution  (BST).  Above  Tc,  the 
ferroelectric  is  in  a  paraelectric  phase  and  does  not  show 
spontaneous  polarization,  but  still  has  the  dielectric 
nonlinearity.  The  BST  solid  solution  can  be  synthesized  in 
the  form  of  a  polycrystalline  or  ceramic  layer  on  the 
dielectric  substrate. 

As  stated  above,  we  seek  a  DLA  structure  design  for 
the  frequency  range  f=  (10^-13)  GHz  with  a  tunability  of 
(2-5-3)%  or  200  MHz.  In  this  section,  we  describe  the 
properties  of  our  BST  ferroelectric  and  present  cold  test 
results  of  the  1 1.42  planar  GHz  DLA  structure. 

Ferroelectric  Composition 

The  ferroelectric  properties  we  need  to  produce  for  the 
DLA  structure  are:  (1)  dielectric  constant  in  the  range  of 
200-^800;  and  (2)  loss  tangent  of  (l-5-6)xlO'^  at  the 
10-5-13  GHz  frequency  range.  Available  materials  are 
made  of  a  BST  matrix  with  oxides  doping.  For  room 
temperature  applications  the  BaxSri.xTi03  (BST) 
ferroelectric  is  typically  made  with  x  <  0.7.  Normally, 
BST  thin  films  for  high  fi*equency  applications  have  Ba:Sr 
ratio  of  50:50  or  60:40.  For  our  application  we  require  a 
bulk  ferroelectric  material  or  thick  film  ferroelectric  on  a 
ceramic  substrate. 

Loss  Factor 

A  typical  loss  factor  for  a  thin  (l|i)  ferroelectric  film  is 

(1-5-5)x10'^  for  the  10  GHz  band  [2].  Recently,  we  have 
obtained  an  encouraging  result  that  showed  the  loss  factor 
of  4x10'^  at  35  GHz  for  the  dielectric  constant  of  495  and 
DC  field  variation  from  2.8V/pm  to  zero  [3,4].  The 
expected  loss  factor  for  our  BST-oxides  composition  is 
(2-5-5)x10'^  for  the  11  GHz  frequency  range. 

We  have  chosen  the  tunability  of  the  structure  not  to 
exceed  3%  to  allow  us  to  adjust  for  a  maximum  200  MHz 
frequency  shift.  The  11.42  GHz  cylindrical  structure  • 
(Fig.  1)  parameters  are:  vacuum  channel  radius  of  0.5  cm, 
dielectric  radius  of  0.633  cm,  ferroelectric  layer  thickness 
of  230  |a,  dielectric  constants  of  ceramic  and  ferroelectric 
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are  16  and  250  respectively.  Lines  3  and  4  show  ratios 
between  the  wall  and  ferroelectric  losses,  and  line  5 
shows  the  ratio  of  the  loss  factor  of  the  1 1.42  GHz  tunable 
structure  and  equivalent  DLA  (no  extra  layer)  structure 
designed  for  the  same  1 1.42  GHz  frequency  [2]. 

Table  1 .  The  1 1 .424  GHz  tunable  DLA  structure  loss 
factor  ratios.  Tunability  factor  is  of  2.22%. 


1 

Thickness  of  ferroelectric 

230  p 

2 

Loss  factor  of  ferroelectric 

X 

o 

3 

Ferroelectric  losses, % 

26.6 

4 

Wall  losses,  % 

63.9 

5 

Loss  ratio 

1.632 

It  should  be  noticed  that  we  have  to  take  into  account 
the  increase  in  the  losses  of  the  conducting  walls  if  we  use 
the  tuning  ferroelectric  between  the  ceramic  layer  and  the 
metal.  However,  the  total  ratio  of  losses  in  the  tunable 
structure  to  the  same  frequency  structure  made  only  with 
ceramic  is  in  the  range  of  (1.7-1. 8),  WdieiAVferr  <  2.  (line  5 
of  the  table,  "Loss  ratio").  It  means  that  our  price  for 
tunability  is  the  increase  of  energy  loss  by  (1. 5-2.0)  dB 
for  the  double  layer  3%  tunable  accelerating  structure  in 
comparison  with  a  (non-tunable)  dielectric  loaded 
waveguide. 

Planar  Tunable  DLA  Structure  Demonstration 

A  BST  ferroelectric  doped  with  the  oxides  composition, 
with  loss  factor  of  4x10'^  and  dielectric  constant  of  500 
has  been  synthesized  [3,4],  Tunability  measurements  of 
the  ferroelectric  developed  have  been  done  at  9-^-1!  GHz 
by  the  cavity  “open  wall”  resonator  method.  The  basic 
idea  is  shown  in  Fig.  2:  in  the  wall  of  the  waveguide  of 
the  required  frequency  we  cut  out  windows  on  opposite 
sides.  We  made  a  "landing"  place  of  20x30  mm  into  the 
waveguide  wall  for  the  testing  substrates.  A  set  of 
2  substrates  has  been  used  for  this  demonstration:  (1)  a 
ceramic  inner  substrate,  with  the  dielectric  constant  of  100 
and  thickness  of  2  mm;  and  (2)  a  ferroelectric  outer  layer 
of  500  pm  and  dielectric  constant  of  495.  We  used  a 
photolithography  deposition  to  put  the  microstrip  contacts 
onto  the  substrate  surface.  The  negative  group  was 
grounded  and  the  positive  group  was  connected  to  a  high 
voltage  DC  power  supply.  The  best  result  we  achieved, 
using  an  electric  field  of  1400  V  DC,  corresponds  to 
2.8  V/pm  dc  field  applied  to  the  ferroelectric  sample.  We 
measured  a  106  MHz  shift,  or  1.1%  at  9.5  GHz  with  the 
ferroelectric  material  tunability  factor  of  9.5%.  Recently, 
we  have  fabricated  the  samples  with  a  tunability  factor  of 
15%  for  the  same  biasing  field  of  2.8  V/p.  We  did  not 
observe  any  sign  of  saturation  and  we  expect  a  tunability 
factor  in  the  range  of  (22-^25)%  for  the  new  samples  tuned 
by  the  bias  filed  of  5  V/pm.  The  overall  planar  stmcture 
tunability  factor  will  be  in  the  range  of  (2.1-5-2.4)%  that 
corresponds  to  228  MHz  frequency  shift. 


Figure  2.  Tunable  planar  11.424  GHz  structure  with  open 
walls.  One  can  see  the  ferroelectric  substrate  with  the 
microstrip  contacts  (interdigital  configuration)  to  supply 
bias  voltage  into  the  ferroelectric  material. 

SUMMARY 

A  new  scheme  for  the  timing  of  DLA  accelerating 
structures  is  proposed.  The  basic  idea  is  to  use  a  double 
layer  of  dielectric.  The  outer  layer,  made  of  ferroelectric 
material  with  permittivity  controlled  by  an  applied  DC 
field,  will  tune  the  whole  accelerating  structure  to  the 
desired  frequency.  The  (9^11)  GHz  tunable  DLA 
structure  has  been  tested  with  a  ferroelectric  layer  500  p 
thick  with  a  dielectric  constant  of  495,  tunability  of 
9.5%,a  loss  factor  of  4x10'^  and  a  peak  applied  DC  bias 
field  of  2.8  V/p.  The  overall  structure  tunability  of  1.1% 
or  106  MHz  was  demonstrated.  This  tuning  effect  is  fast 
and  programmable  in  real  time  (<  1  psec)  during 
operation  of  the  accelerator. 

The  multi-layer  tunable  technology  can  also  be 
extended  to  many  other  high  frequency,  high  power 
devices. 

This  work  is  supported  by  the  US  Department  of 
Energy,  grant  SBIR  DE-FG02-02ER83418.  The 
ferroelectric  samples  have  been  fabricated  for  the  Omega- 
P,  Inc.  project  [V.P.  Yakovlev  et  al,  TPAE031,  these 
Proceedings],  the  project  that  initiated  the  research  of  our 
ferroelectric  group  imder  support  to  Omega-P,  Inc. 
through  DoE  SBIR  Phase  I  grant  DE-FG02-02ER83537. 
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Abstract 

Recently,  a  method  for  tuning  dielectric-loaded 
accelerating  (DLA)  structures  has  been  proposed  [1,2], 
In  these  structures,  a  ferroelectric  layer  backs 
a  conventional  ceramic  layer,  thus  allowing  die  effective 
dielectric  constant  of  the  waveguide  to  be  varied  by 
applying  a  DC  electric  field  to  the  ferroelectric  layer.  In 
this  paper,  we  present  a  design  for  a  cylindrical  version  of 
this  multilayered,  tunable  DLA  structure  that  has  the 
additional  benefit  of  suppression  of  transverse  deflecting 
modes  [3,4]  due  to  the  axially  segmented  conducting 
wall.  This  structure  consist  of  a  layer  of  conventional 
ceramic,  surrounded  by  a  thin  layer  of  a  ferroelectric,  that 
is  in  turn  surrounded  by  axially-oriented,  insulated 
microstrip  electrodes  and  a  layer  of  absorbing  material 
(ferrite).  The  axial  orientation  of  the  microstrips  means 
that  transverse  deflection  modes  are  suppressed,  since 
they  require  an  azimuthal  current,  while  longitudinal 
accelerating  modes  are  allowed,  since  they  only  require 
axial  currents.  We  will  present  calculations  of  the  relevant 
accelerator  parameters  for  a  cylindrical  DLA  structure. 

INTRODUCTION 

A  new  method  of  wakefield  acceleration  of  the  charged 
particles,  using  wakefields  generated  by  the  short  high 
charge  electron  bunches  passing  through  dielectric  loaded 
accelerating  structure,  now  is  the  object  of  intensive 
experimental  and  theoretical  study.  Commonly  a 
dielectric  loaded  accelerating  structure  (DLA)  is  the 
single-layered  dielectric  (ceramic)  tube  with  an  inner 
vacuum  channel  for  the  passing  electron  beams.  A 
dielectric  cylinder  is  inserted  into  a  conductive  copper 
jacket. 

Wakefield  acceleration  assumes  the  energy  transfer 
from  a  high-current  low-energy  electron  beam  (driver)  to 
a  low-current  high-energy  accelerating  beam  of  charged 
particles  (witness).  While  passing  the  ceramic  waveguide 
the  driver  beam  generates  Cherenkov  electromagnetic 
waves  (wakefields)  with  the  longitudinal  fields  up  to 
100  MV  magnitudes  to  be  used  for  the  witness  beam 
acceleration. 

Large  amplitude  longitudinal  wakefields  also  imply 
that  strong  transverse  deflecting  forces  will  be  generated 
if  the  drive  beam  in  the  structure  is  misaligned.  This 
deflection  field  can  have  serious  detrimental  effects  on 
the  accelerated  beam  from  the  head  -  tail  single  bunch 
break  up  instability  of  the  accelerated  beam,  resulting 
from  the  leading  particles  in  an  offset  bunch  driving  HEM 
modes  that  in  turn  deflect  the  electrons  in  the  tail  of  the 


bunch.  The  deflected  tail  electrons  will  eventually  be 
driven  so  far  off  axis  that  all  or  most  of  the  particles  will 
be  lost  by  scraping  on  the  inner  walls  of  the  dielectric 
waveguide.  On  the  other  hand,  synchronization  between 
the  electron  beam  velocity  and  the  phase  velocity  of  the 
accelerating  field  must  be  maintained  in  order  for  the 
bunch  to  gain  energy.  For  some  applications  DLA 
structure  requires  an  unachievably  tight  machining 
tolerance  of  the  waveguide  geometry  and  extremely 
expensive  ceramic  material  manufacturing  process. 
Recently,  a  method  for  tuning  DLA  structures  has  been 
proposed  [1,2].  A  combination  of  ferroelectric  and 
ceramic  layers  have  been  used  to  permit  tuning  of  a 
composite  ceramic-ferroelectric  wavegtiide  while 
keeping  the  overall  material  loss  factor  in  the  (4-5-5)xl0'^ 
range.  It  was  shown  that  the  losses  in  the  composite 
structure  are  comparable  to  the  losses  in  conventional 
DLA  structures  that  consist  of  a  single  dielectric  cylinder 
inserted  into  a  conductive  copper  jacket.  Dielectric 
permeability  variation  allows  adjusting  of  the  phase-beam 
matching  between  the  longitudinal  wakefield  and  the 
witness  beam  position  for  acceleration  mechanism 
efficiency.  [6]. 

Tunable  DLA  Structure 

The  DLA  structure  with  ferroelectric  layer  tuned  by  an 
external  DC  electric  field  is  shown  in  Fig.  1.  The  inner 
layer  is  ceramic,  with  permittivity  typically  in  the  range 
of  4-^-3  6.  The  outer  layer  is  a  film  made  of  BST 
ferroelectric,  dielectric  constant  of  200-^500,  placed 
between  the  ceramic  layer  and  the  copper  sleeve.  The 
DLA  structure  tuning  is  achieved  by  varying  the 
permittivity,  82,  of  the  ferroelectric  film  by  applying  an 
external  DC  electric  field  across  the  ferroelectric.  One  can 
use  the  well-developed  technology  based  on 
photolithography  and  microstrip  contact  deposition  to 
supply  a  DC  field  to  the  ferroelectric  film.  This 
technology  has  been  widely  used  in  the  field  of  high 
frequency  phase-shifters  and  tunable  filters  design  based 
on  thin  ferroelectric  films.  The  main  problems  to  be 
addressed  in  order  to  apply  this  technology  for  our 
particular  design  are: 

•  The  configuration  has  to  match  the  desired  set  of 
guiding  modes 

•  DC  field  penetration  into  the  ferroelectric  layer 
with  the  field  magnitude  for  the  maximum 
tuning  range  (10  V/|xm  for  the  material  to  be 
used) 

•  Satisfy  conditions  of  minimum  insertion  losses. 
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Fig.  1  shows  our  current  preferred  geometry  for  the 
configuration  of  the  bias  field  microstrips  for  the 
ferroelectric-ceramic  tunable  DLA  structure.  Figure! 
shows  the  particular  dimensions  of  the  microstrips 
structure  for  (10-^13)  GHz  accelerating  waveguide.  One 
has  to  find  an  appropriate  microstrip  width  for  the 
particular  layer.  Our  simulations  showed  that  for  the 
(180^220)  [im  layer  that  corresponds  to  11  GHz  average 
frequency  the  optimal  ratio  is  h  =  3xd,  where  h  is  the 
layer  thickness  and  d  is  the  strip  width. 


Figure  1.  Tunable  dielectric  loaded  accelerating  structure 
with  transverse  deflecting  modes  suppression. 


Figure  2.  Microstrip  profile.  The  ferroelectric  layer 
thickness  is  within  3d,  where  d  is  a  microstrips  gap. 

The  microstrip  separation  is  approximately  d  as  well. 
For  the  (10^13)  GHz  frequency  range  d  =  (50-^60)  ji. 
ADC  bias  of  (0.5^1) KV  is  applied  across  this  gap  to 
provide  the  (5-5-1 0)  V/p.  biasing  field. 

Transverse  Biasing 

It  should  be  mentioned  that  the  biasing  field  is 
transverse  relative  to  the  accelerating  field  for  the 
microstrip  configuration  in  Fig.  1.  The  ferroelectric 
material  we  plan  to  use  is  to  be  formed  in  a 
polycrystalline  paraelectric  phase  [5]  and  does  not  show 
any  significant  anisotropy.  One  can  refer  here  to  the 
measurements  of  the  106  MHz  shift  of  the  TMoi 
fimdamental  frequency  of  the  11.42  GHz  planar  ceramic 
loaded  waveguide  with  BST  ferroelectric  layer  with  the 


dielectric  constant  of  500  supplied  with  the  transverse 
biasing  field  [5].  Microstrip  configuration  gap  was  300  p 
for  the  bias  DC  field  of  2.8  V/fX. 

Transverse  Modes  Suppression 

The  deflection  modes  cause  BBU  effects  resulting  in 
particle  loss  and  consequently  in  acceleration  distance 
limitation.  An  rf  slow  wave  structure  that  supports 
accelerating  modes  while  having  damped  the  deflecting 
modes  then  be  desirable.  Such  a  device  was  proposed  and 
experimentally  tested  in  [3,4],  where  the  uniform  outer 
copper  sleeve  was  replaced  by  axial,  closely  spaced, 
insulated  wires  that  allow  only  axial  wall  currents  of  the 
system.  This  anisotropic  copper  metallization  provides 
very  low  Q  factor  selectively  for  the  deflecting  transverse 
modes  while  maintaining  high  Q  for  the  accelerating 
mode.  The  axial  orientation  of  the  microstrips  means  that 
transverse  deflection  modes  are  suppressed,  since  they 
require  an  azimuthal  current,  while  longitudinal 
accelerating  modes  are  allowed,  since  they  only  require 
axial  currents.  The  direct  wakefield  measurements 
showed  the  attenuation  was  consistent  with  the  246  pcs 
e-folding  time  bench  test  and  therefore  the  BBU  effects 
can  be  greatly  reduced  in  the  DLA  structures  [3]. 

One  can  see  in  Fig.  1  and  Fig.  2  that  the  microstrip 
configuration  completely  satisfies  the  transverse  mode 
suppression  design  discussed  above.  It  is  fortunate  we 
have  all-in-one  transverse  mode  suppressor  and  tunable 
accelerating  structure  providing  with  the  same  microstrip 
configuration. 

Fig.  3  presents  HEM  11  and  HEM  12  transverse  mode 
magnitude  vs.  the  distance  behind  the  bunch  of  100  nC 
charge,  =  0.4  cm,  the  offset  of  ro  =  0.03  cm.  The  three 
various  thickness  of  absorbing  ferrite  A  is  shown. 
Parameters  of  the  waveguide,  Fig.  1,  are:  Rc  =  0.5cm, 
Rd  =  0.6  cm,  Rf  =  0.623  cm,  R^  =  Rf  +  A,  dielectric 
constant  of  the  ceramic  layer  ^^=16,  dielectric  constant 
of  the  ferroelectric  layer  £f=200,  ferrite  conductivity 
aferro  =  0.1  (ohmxm)‘\  liferro  =  5,  eferro^l-  One  cau  sec 
the  deflecting  field  magnitude  is  almost  flat  for  the 
relatively  thin  ferrite  layer  of  0.4  cm  and  it  is  damping 
dramatically  for  the  ferrite  layer  of  0.8  cm  thickness.  The 
transverse  field  suppressor  parameters  are  extremely 
sensitive  to  the  right  choice  of  the  absorbing  sleeve 
geometry  due  to  the  redistribution  of  the  wakefields 
power  over  the  waveguide  boundaries. 

Fig.  4  shows  the  transverse  field  superposition  of 
HEMn  and  HEM12  modes  for  the  offset  of  0.25  cm,  the 
beam  is  deflected  significantly.  The  repetitive  rate 
frequency  of  the  AWA  photoinjector  is  1.3  GHz  that 
corresponds  to  22-5-23  cm  available  spacing  between  the 
bunches.  One  can  see  that  the  transverse  field  magnitude 
will  be  damped  down  by  that  distance. 
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Figure  3.  Magnitude  of  a  radial  deflecting  field  of  the  first 
transverse  mode  vs.  the  distance  z  behind  the  bunch  for 
the  13.625  GHz  accelerating  structure.  Three  thickness  of 
ferrite  have  been  studied,  1  -  A  =  0.4  cm,  2  -  A  =  0.5  cm, 
3  -  A  =  0.8  cm.  100  nC  beam  offset  is  0.03  cm. 
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Figure  4.  Deflecting  field  magnitude  vs.  the  distance  z 
behind  the  bunch,  offset  is  of  0.25  cm,  the  beam  is 
deflected  off  the  half  of  the  vacuum  channel  radius. 

The  beam  misalignment  will  cause  the  azimuthal  field 
between  the  microstrips  embedded  into  the  ferroelectric 
layer  [7].  Figure  5  shows  that  the  magnitude  of  this  field 
is  in  the  range  of  0.5^0. 6  MV/m  for  the  critically 
deflected  beam  with  the  offset  is  0.25  cm  and  almost 
negligible  for  the  initial  offset  of  0.03  cm.  The  DC  bias 
field  that  we  have  used  for  the  ferroelectric  layer  tuning 

[5]  was  in  the  range  of  2.8  MV/m  for  the  300-^500  |Lim 
gap  between  the  microstrips  in  comparison  with  0.5  V/pm 
rf  field  at  the  same  point. 


Figure  5.  Azimuthal  field  magnitude  between  the 
microstrips  vs.  offset  of  the  100  nC  electron  beam  passing 
through  the  13.625  GHz  accelerating  structure.  The  beam 
rms  length  is  0.4  cm. 


SUMMARY 

The  microstrip  configuration  for  the  tunable  dielectric 
loaded  accelerating  structure  fabricated  with  the  double¬ 
layer  ferroelectric  technology  will  support  the 
accelerating  modes  of  the  waveguide  while  the  transverse 
deflecting  modes  can  be  damped.  It  should  be  noticed  that 
the  frequency  tuning  during  the  experiment  favorably 
distinguishes  the  dielectric  loaded  accelerating  structures 
fi-om  the  conventional  accelerators  and  opens  a  variety  of 
applications  for  the  systems  with  the  ‘Svave-beam” 
precise  matching  requirements. 
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Abstract 

Recently,  a  multibunch  scheme  for  efficient 
acceleration  based  on  dielectric  wakefield  accelerator 
technology  was  outlined  in  [1].  In  this  paper  we  present 
an  experimental  program  for  the  design,  development  and 
demonstration  of  an  Enhanced  Transformer  Ratio 
Dielectric  Wakefield  Accelerator  (ETR-DWA).  The 
principal  goal  is  to  increase  the  transformer  ratio  R,  the 
parameter  that  characterizes  the  energy  transfer  efficiency 
from  the  accelerating  structure  to  the  accelerated  electron 
beam.  We  present  here  an  experimental  design  of  a 
13.625  GHz  dielectric  loaded  accelerating  structure,  a 
laser  multisplitter  producing  a  ramped  bunch  train,  and 
simulations  of  the  bunch  train  parameters  required. 
Experimental  results  of  the  accelerating  structure  bench 
testing  and  ramped  pulsed  train  generation  with  the  laser 
multisplitter  are  shown  as  well.  Using  beam  dynamic 
simulations,  we  also  obtain  the  focusing  FODO  lattice 
parameters. 

INTRODUCTION 

There  has  been  tremendous  progress  in  ceramic 
structure-based  acceleration  schemes  in  the  past  few 
years.  One  of  the  most  critical  issues  for  dielectric 
wakefield  acceleration  is  the  improvement  of  the 
transformer  ratio  R,  commonly  defined  as  R  =  (Maximum 
energy  gain  behind  the  bunch)  /  (Maximum  energy  loss 
inside  the  bunch).  It  is  crucial  that  methods  be  found  to 
increase  R  in  order  to  fully  realize  this  technique  as  a 
practical  option  for  high  energy  accelerators.  According  to 
the  wakefield  theorem  [2]  the  accelerated  beam  cannot 
gain  more  than  twice  the  energy  of  the  drive  beam,  or  in 
other  words,  R  is  less  than  2  for  collinear  acceleration. 
Several  schemes  have  been  proposed  to  obtain  7?  >  2  in 
collinear  wakefield  accelerators,  but  no  experimental 
results  have  been  obtained  due  to  the  inherent  difficulties 
of  these  experiments.  One  proposed  scheme  operates  with 
the  driver  beam  having  an  asymmetric  axial  current 
distribution  [2].  Using  a  similar  idea,  another  scheme 
tailors  the  profile  of  a  train  of  individually  symmetric 
drive  bunches  [3]  into  a  triangular  ramp  to  produce  R>1. 
In  this  paper  we  consider  the  latter,  here  termed  the 
ramped  bunch  train  (RBT)  method  of  transformer  ratio 
enhancement.  Experimental  implementation  of  the 
proposed  method  [1]  allows  an  enhancement  of  the 
transformer  ratio  by  up  to  a  factor  of  4  compared  to  a 
conventional  collinear  accelerating  scheme.  The 
Enhanced  Transformer  Ratio  (ETR)  Experiment  is  under 
commissioning  at  Argonne  National  Laboratory’s 
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Argonne  Wakefield  Accelerator  (AWA)  facility,  in 
cooperation  with  Euclid  Concepts  LLC. 

ENHANCED  TRANSFORMER  RATIO 
EXPERIMENT 

We  plan  to  experimentally  demonstrate  ETR-DWA  in 
2003  -  2004.  Our  initial  proof  of  principle  demonstration 
will  use  a  ramped  bunch  train  (RBT)  of  4  bunches,  with 
charge  ratio  of  2-6-10-14  nC  and  bunch  length  of  ^  =  0.4 
cm  we  predict  an  R  pf  7.8.  Simulations  also  show  that 
both  high  gradient  and  high  R  can  be  obtained  by  using  an 
RBT  parameters  of  10-30-50-70  nC  to  achieve  R  =  7.6 
and  E  =  104  MV/m.  Experimental  design  includes  a  laser 
multisplitter,  producing  a  ramped  train  of  laser  pulses  for 
the  AWA  photoinjector,  and  a  13.625  GHZ  dielectric 
loaded  accelerating  structure  supplied  with  a  focusing 
FODO  lattice  to  minimize  BBU  effects  for  RBT.  The 
accelerating  structure  is  to  be  installed  into  the  AWA 
beamline  [4].  This  transformer  ratio  enhancement 
technique  based  on  ceramic  waveguide  design  will  result 
in  a  highly  efficient  accelerating  structure  for  future 
generation  wakefield  accelerators. 

EXPERIMENTAL  DESIGN 

Accelerating  Structure  Fabrication 

A  ceramic  composition  based  on  MgTi03-Mg2Ti04 
systems  have  been  sintered  using  the  solid-phase 
synthesis  method  [5].  This  material  is  characterized  by  a 
unique  homogeneous  fine-grained  structure  and  minimum 
porosity,  with  a  dielectric  constant  of  16.  The  dielectric 
loss  factor  has  been  measured  with  the  dielectric  loaded 
resonator  method.  Measurement  of  the  witness  samples  at 
9  GHz  frequency  showed  the  following  results: 
Q  X  f  =  (6.0  7.7)xl0'^,  loss  factor  of  (1.12  -s-  1.17)xloA 


Table  1.  Bench  measurements  of  the  dielectric  loaded 
accelerating  structure. 


# 

Structure  parameters 

Bench  test 

1. 

TMoi  frequency 

13497.6  MHz 

2. 

Inner  radius 

0.4999  cm 

3. 

Outer  radius 

0.6345  cm 

4. 

Dielectric  constant 

16.038 

The  set  of  5  waveguide  sections  tuned  for  13.625  GHz 
TMoi  mode  have  been  designed  and  fabricated  of  the 
ceramics  composition  discussed  above.  The  dielectric 
tubes  were  formed  with  a  specialty  developed  two-stage 
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technology:  hydraulic  and  isostatic  pressing.  The  special 
press-form  for  the  13.625  GHz  ceramic  waveguide 
fabrication  has  been  designed  and  produced.  The 
accelerating  structure  bench  test  parameters  are  presented 
in  Table  1. 

Mechanical  tolerances  and  dielectric  constant 
heterogeneity  along  the  accelerating  structure  have  been 
studied  intensively  due  to  the  critical  impact  of  structure 
imperfections  on  the  Transformer  Ratio  to  be  measured. 
We  found  the  maximum  deviation  of  the  dielectric 
constant  was  within  0.055. 

It  was  shown  that  the  mechanical  tolerances  did  not 
exceed  3  10  m  and  the  dielectric  constant  deviation 

measured  at  the  bench  test  appeared  within  0.2%  of  the 
average  and  0.35%  of  the  maximum  deviation.  It  should 
be  noticed  that  one  can  obtain  the  maximum  transformer 
ration  in  the  range  of  7.5  ^  7.8,  Fig.  2. 

Ramped  Bunch  Train  Generation. 

An  Enhanced  Transformer  Ratio  can  be  demonstrated  if 
a  RBT  is  generated  with  the  required  charge  distribution 
and  interbunch  distances.  Maximal  R  is  achieved  by 
requiring  that  all  bunches  lose  energy  at  the  same  rate. 
Our  simulations  show  that  this  happens  when  the  bunch 
train  has  a  charge  ratio  of  (2-6-10-14)  nC. 


Sequenca  offcurbunchas 


(2-6-10-14)  nC  Ramped  Bunch  Train  2  =  0.4  cm, 
Structure  parameters  are  presented  in  Table  L 

We  studied  the  interbunch  distance  adjustment  for  the 
transformer  ratio  enhancement  as  well.  The  repetition 
frequency  of  the  AWA  corresponds  to  the  interbunch 
distance  variation  in  the  range  of  22  -5-  23  cm  that  in  turn 
relates  to  d  =  (10+l/2)  .  The  optimal  RBT  parameters 
for  the  proof-of  principal  experiment  are  (2-6-10-14)  nC. 
Wakefields  and  charge  distribution  for  this  case  are 
presented  in  Fig.  1,  while  the  accelerating  structure 
parameters  are  presented  in  Table  1.  We  have  studied  the 
impact  of  tolerances  and  dielectric  heterogeneity  on  the  R 
value  to  be  measured  in  the  experiment.  It  was  shown  that 
the  imperfection  factors  effect  discussed  above  can  be 
compensated  with  the  laser  multisplitter  system  by 
intensity  and  interbunch  distance  adjustments. 


frequency,  Ohb 

Figure  2.  Transformer  Ratio  R  vs.  the  TMoi  mode 
frequency  shift  caused  by  the  dielectric  constant 
heterogeneity  and  mechanical  tolerances.  Interbunch 
distances  adjustments  are  within  0.7  cm. 

The  average  Transformer  Ratio  of  7.45  and  maximum 
of  7.8  can  be  demonstrated  with  mechanical  tolerances  of 
10  m  and  dielectric  constant  deviation  of  0.35%  if  the 
interbunch  distances  adjusted  within  0.7  cm,  Fig,  2.  We 
studied  the  multimode  and  single  mode  cases  and 
demonstrated  the  method  of  transformer  ratio 
optimization  for  the  multimode  structure  parameters. 

It  was  shown  that  one  can  perform  high  gradient 
acceleration  with  the  wakefield  gradient  exceeding 
100  MV/m  and  at  the  same  time  to  provide  an  enhanced 
transformer  ratio  up  to  7.27  with  the  following  parameters 
of  the  drive  bimch  and  the  structure  (the  “target”  case): 
inner  radius  of  a  =  0.1  cm,  outer  radius  of  b  =  0.268  cm, 
dielectric  constant  of  =16,  bunch  length  of  z  =  0. 1 5  cm 
charge  distribution  of  15,  39,  67  and  93  nC,  Transformer 
Ratio  R  =  7.27,  accelerating  gradient  of  E  =  104  J  MV/m. 

Laser  Multisplitter  Design  and  Testing 

The  laser  beamsplitting  system  is  a  critical  issue  for  the 
success  of  the  project.  To  generate  the  electron  bunch- 
train,  a  laser  pulse  train  is  injected  into  the  AWA  drive 
photoinjector.  This  laser  train  is  made  by  optically 
splitting  a  single  laser  pulse  intoi*four  separate  pulses  wiA 
a  combination  of  mirrors  and  beam  splitters  [6].  We  have 
modified  the  original  multisplitter  at  the  AWA  to  create  a 
Ramped  Pulse  Train  required  for  the  RBT  generation.  We 
installed  and  tested  this  beam  splitting  system  at  the  AWA 
facility.  The  4  output  laser  pulses  have  been  generated 
and  measiued  with  an  energy  meter  and  streak  camera. 
We  measured  the  energy  ratio  of  the  pulse  train,  and  have 
made  a  detailed  study  of  each  individual  mirror.  Based 
upon  measured  reflection  coefficients,  the  energy  ratios 
matched  the  expected  ones  for  the  2”^,  3^*  and  4*  bunches. 
We  investigated  the  origin  of  the  bunch  energy 
deviation  and  found  out  that  the  mirrors  did  not  match  the 
vendor’s  specification.  Since  then  we  have  corrected  this 
problem  and  are  confident  that  we  can  make  the  required 
Ramped  Laser  Pulse  train. 
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M2 


'  )  *  Laser  Beam  Expander 

Figures.  Adjustable  and  Variable  Pulse  Radius  laser 
multisplitter  design. 


The  measured  laser  pulse  length  was  8ps  and  the 
interbunch  spacing  was  780  ps,  just  as  anticipated. 

We  have  recently  redesigned  the  multisplitter  so  that 
one  can  adjust  the  pulse  intensities  as  well  as  interbunch 
distances.  Fig.  3  presents  an  Adjustable  Laser 
Multisplitter  design  that  is  able  to  vary  the  laser  pulse 
intensity  and  therefore  to  compensate  for  mechanical 
tolerances  and  other  imperfections  in  the  value  of 
transmission  and  reflection  coefficients.  The  adjustable 
multisplitter  uses  a  half-wave  retardation  plate  and  a 
polarizing  cube  beamsplitter  to  continuously  vary  the 
pulse  intensities. 

The  RBT  introduces  different  space  charge  defocusing 
for  the  differing  bunch  intensities.  We  accommodate  this 
by  including  a  Variable  Beam  Radius  option  for  the  Laser 
Beamsplitter  [6].  In  order  to  generate  different  laser 
pulses  with  variable  radius  one  can  use  a  beam  expanding 
telescope  in  the  2  legs  of  magnification  Ml  and  M2 
(Fig.  3)  and  clipping  iris  after  the  multisplitter.  Thus  we 
can  determine  the  bunch  train  radii  required  for  a  periodic 
FODO  channel.  In  general,  we  have  designed  the  optical 
multisplitter  system  and  performed  preliminary  tests  on 
the  laser  beam  splitting  required  for  the  Ramped  Bunch 
Train  generation. 


RBT  Transportation 
Beam  Dynamic  Simulations 

We  have  studied  BBU  related  effects  for  the  beam  train 
and  accelerating  beam  both  passing  through  the 
13.625  GHz  accelerated  structure.  The  head-tail 
instability  caused  by  the  misalignment  of  the  RBT  can  be 
controlled  by  using  BNS  damping  [7],  with  the  additional 
complication  that  the  focusing  channel  has  to  control  the 
drive  bunch  train  of  different  charges  passing  through  the 
same  accelerating  structure. 

We  have  studied  the  beam  dynamics  of  the  most 
interesting  and  optimal  beam  that  we  plan  to  use  in  the 
ETR  proof-of-principle  experiment;  a  charge  distribution 
of  (2-6-l()-14)  nC.  Our  simulaticm  showed  that  one  can 


control  the  “optimal”  bunch  train  in  the  structure  up  to 
52'^-60  cm  without  any  FODO  lattice,  with  no  significant 
particle  loss,  and  that  the  average  transformer  ratio  still 
exceeded  7.0.  At  the  same  time,  we  studied  the 
propagation  in  the  structure  with  the  FODO  lattice  applied 
as  well;  the  “optimal”  beam  traversed  90  cm,  Fig.  4  shows 
this  RBT  at  60  cm  distance  passed,  no  particle  loss,  beam 
is  under  control. 


Figure  4.  Beam  dynamics  simulations  of  the  optimal  (2-6- 
10-14)  nC  RBT,  FODO  focusing  applied,  60  cm  passed. 


SUMMARY 

The  proposed  Enhanced  Transformer  Ratio  experiment 
is  based  upon  the  Ramped  Bunch  Train  (RBT)  technique. 
The  13.625  GHz  accelerating  structure  has  been 
manufactured  and  the  uniformity  of  dielectric  properties  is 
in  the  range  of  0.35%.  We  have  installed  and  tested  a 
prototype  laser  beam  splitter  to  produce  a  ramped  bunch 
train  of  4  bunches,  predicted  to  achieve  a  transformer  ratio 
of  R=7.8.  RBT  parameters  have  been  simulated  and 
optimized.  Numerical  simulations  of  the  beam  dynamics 
of  the  RBT  have  been  presented  and  the  appropriate 
FODO  lattice  parameters  have  been  calculated. 

This  work  is  supported  by  the  US  Department  of 
Energy,  Grant#  SBIRDE-FG02-02ER83418. 
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Abstract 

Recently,  a  method  to  tune  dielectric-loaded  accelerating 
(DLA)  structures  has  been  proposed  [these  proceedings]. 
In  these  structures,  a  ferroelectric  layer  backs  a 
conventional  ceramic  layer,  thus  allowing  the  effective 
dielectric  constant  of  the  waveguide  to  be  varied  by 
applying  a  DC  electric  field  to  the  ferroelectric  layer.  In 
this  paper,  we  present  a  design  for  a  planar  version  of  this 
double-layered,  tuneable  DLA  structure.  The  advantage 
of  the  planar  waveguide  is  its  spectral  uniformity,  ease  of 
frequency  tuning,  and  its  simplicity  of  fabrication.  The 
dispersion  equation  for  the  structure  and  the  accelerating 
Wakefield  exited  by  a  planar  electron  bunch  has  been 
calculated.  Based  on  this  work,  we  present  simulation 
results  for  13,  20  and  35  GHz  structure"  parameters 
including  tunability  factor.  The  transverse  deflecting 
Wakefields  caused  by  the  beam  offset  have  been  studied 
as  well.  In  addition,  we  present  the  results  of  cold  test 
measurements  for  an  11.4  GHz,  double-layered,  ceramic- 
ferroelectric  test  device,  including  tuning  range  and 
Q  measurements. 


INTRODUCTION 

The  field  of  advanced  accelerators  is  in  search  of  novel 
revolutionary  technologies  to  allow  progress  in  particle 
accelerators  for  high-energy  physics  experiments. 
Techniques  based  on  the  Dielectric  Wakefield 
Accelerator  (DWFA)  [1]  concept  are  some  of  the  most 
promising  to  date  in  terms  of  their  potential  to  provide 
high  gradient  accelerating  structures  for  future  generation 
linear  colliders.  These  structures  may  be  excited  by  a  high 
current  electron  beam  or  an  external  high  frequency  high 
power  RF  source  and  have  been  under  intensive  study  in 
recent  years  [1].  The  basic  RF  structure  is  very  simple  — 
a  cylindrical,  dielectric  loaded  waveguide  with  an  axial 
vacuum  channel  is  inserted  into  a  conductive  sleeve.  A 
high  charge,  (typically  20^40  nC),  short,  (H4mm) 
electron  drive  beam  generates  TMoi  mode 
electromagnetic  Cherenkov  radiation  (wakefields)  which, 
propagating  through  the  waveguide  vacuum  channel,  is 
used  to  accelerate  a  less  intense  beam  pulse  following  at 
an  appropriate  distance. 

The  planar  accelerating  structures  can  produce  a  high 
accelerating  gradient  and  can  easily  be  fabricated.  It  is 
desirable  to  operate  accelerating  structures  at  high 
frequencies  to  overcome  breakdown  limits  of  the 
structure.  Simply  scaling  cylindrical  geometry  to  low 
wavelengths  limits  the  accelerator  luminosity.  It  should 
be  noticed  that  high  frequency  dielectric  structures  also 
require  tight  mechanical  tolerances  and  their  fabrication 
becomes  difficult.  In  [2],  the  slab  type  of  dielectric 


structure  has  been  studied  using  a  normal  mode  analysis. 
Previously,  the  planar  boundless  structures  have  been 
studied  in  [3]  and  the  structure  excitation  by  the  short 
beam  were  presented  in  [4]  a  rectangular  dielectric-lined 
structure  having  micron-scale  dimensions  presented  in  [5] 
Experimental  demonstration  of  the  high  frequency  planar 
structure  has  been  done  in  [6].  Recently,  a  method  for 
tuning  the  DLA  structures  has  been  proposed  [7].  The 
ceramic  loading  covered  by  the  relatively  thin 
ferroelectric  film  allows  for  tuning  the  entire  structure  due 
to  the  dielectric  material  nonlinearity.  In  this  paper,  we 
present  a  planar  tunable  dielectric  loaded  accelerator 
mode  analysis,  design,  and  cold  test  results. 


TUNABLE  PLANAR  DLA  STRUCTURE 


Figure  1.  Double-layer  Tunable  Planar  DLA  structure. 
Inner  layer  is  a  ceramic  substrate,  the  outer  one  is  made  of 
BST  ferroelectric. 


DLA  structures,  in  comparison  with  vacuum  ones,  have 
an  important  parameter  that  determines  the  frequency 
spectrum  -  the  dielectric  constant  of  the  loading  material. 
In  [7]  a  new  scheme  was  proposed  allowing  control  of  the 
dielectric  constant  (and  consequently  the  frequency 
spectrum)  for  the  dielectric  waveguides  by  incorporating 
ferroelectric  layers.  The  most  notable  feature  of  the 
tunable  DLA  is  the  replacement  of  a  single  ceramic  by  a 
composite  of  2  layers.  The  outer  layer  is  a  film  made  of 
BST  ferroelectric  placed  between  the  ceramic  layer  and 
the  copper  wall.  The  DLA  structure  tuning  is  achieved  by 
varying  the  ferroelectric  permittivity  by  applying  an 
external  DC  electric  field  across  the  ferroelectric.  The 
design  shown  in  Fig.  1  is  not  the  only  one  possible;  the 
positions  of  the  layers  can  be  swapped  so  that  the 
ferroelectric  film  will  form  the  iimer  layer.  The  advantage 
of  this  configuration  would  be  the  reduction  of  the 
magnetic  loss  on  the  conducting  copper  walls,  while  the 
disadvantages  would  be  high  gradient  RF  fields  on  the 
ferroelectric  material  surface,  scattered  electrons  and 
increased  heating.  We  consider  the  outer  layer  is  a 
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ferroelectric  one,  dielectric  constant  of  500,  loss  factor  of 
4x10"^  at  11,424  GHz,  the  inner  layer  is  made  of 
ceramic,  dielectric  constant  of  20-J-30,  loss  factor  of 
(K3)x10-4.  The  normal  modes  in  dielectric  loaded 
guides  are  LSM  and  LSE  modes  that  have  no  H  or  E 
components  normal  to  the  dielectric/  ferroelectric 
interface.  In  each  slab,  the  fields  for  LSM/LSE  modes 
were  derived  from  the  electric/magnetic  Hertz  potential 
and  satisfied  the  boundary  conditions  at  the  interface 
between  ferroelectric/dielectric  and  dielectric/vacuum. 

The  electron  beam  passes  the  vacuum  channel  along  an 
axis  waveguide  with  an  initial  offset.  The  wakefield  is 
generated  behmd  the  bunch  if  the  dielectric  material 
satisfies  the  Cherenkov  radiation  terms: 

F  =  pc  and 

Solving  the  equations  for  and  substituting  them 
to  boundary  conditions  and  equating  zero  determinants  of 
the  turned  out  systems,  one  can  obtain  the  dispersive 
equations  for  antisymmetric  and  symmetric  solutions 
corresponding  to: 

^odd  ^;c )  “  ^  j  ^even  ^  ^  5  (0 

where  =  2n7r/ w  for  antisymmetric  solutions  and 
=  {2n  +  1)  TT fw  for  symmetric  ones. 

The  expressions  for  longitudinal  components  of  electric 
and  magnetic  fields  and  can  be  written  as: 

00 

Ez{x,yA)=  S  ^zm,n  {x,y,K,myo^{Kn,mC},{2) 

C30 

n,m=0 

where  are  roots  of  the  dispersive  equations  (1), 

Q  —  z  —  Vt ,  E^  y,  ^  and  y,  k^^^^  ^  are 

defined  by  the  boundary  conditions.  Other  field 
components  of  electrical  and  magnetic  fields  can  be 
written  through  E^  and 

The  Planar  DLA  Structure  Parameters 


Table  1.  Tunable  rectangular  waveguide  parameters. 
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Table  1  shows  the  Tunable  DLA  structure  parameters 
corresponding  to  planar  geometry  presented  in  Fig.  1 .  for 
the  13,  20  and  35  GHz  frequency  range.  The  ferroelectric 
layer  thickness  of  d  decreases  for  the  high  frequencies, 
5e2  is  the  dielectric  permittivity  variation  of  the 
ferroelectric  layer,  882=  Ae/e.  One  can  see  the  ferroelectric 
dielectric  constant  variation  within  25%  causes 
8/=  (2'^2.9)%  overall  frequency  adjustment  of  the  planar 
DLA  structure. 


f,GHz 


^2 

Figure  2.  13.625  GHz  frequency  variation  vs.  dielectric 
constant  of  the  ferroelectric  layer.  The  waveguide 
parameters  correspond  to  line  1  of  Table  1. 

Fig.  2  shows  the  13.625  GHz  structure  frequency  shift 
caused  by  the  dielectric  constant  variation  of  the 
ferroelectric  layer,  tunability  factor  of  the  ferroelectric 
material  was  of  20^25%. 

Wakefields 

In  Table  2,  the  parameters  of  the  electron  beams  that 
will  be  used  in  the  planning  experiments  are  presented. 
The  first  line  of  the  table  corresponds  to  the  beam  passing 
the  structure  almost  along  the  central  axis,  offset  is 
0.03  cm.  The  beam  is  misalignment  at  line  2,  the  offset  is 
0.5  cm  off  the  X  and  0,2  cm  off  the  y  respectively. 


Table  2.  Electron  bunch  parameters. 
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Accelerating  longitudinal  gradient  is  shown  in  Figure  3, 
peak  magnitude  is  22  MV/m.  It  should  be  noticed  that  the 
similar  cylindrical  (lH13)GHz  accelerating  structure 
supports  the  single  mode  Wakefields  for  the  0.4  cm  long 
bunches  [7]  At  the  same  time,  Wakefields  excited  by  the 
0.4  cm  long  bunch  passing  through  the  13  GHz  planar 
structure  show  multimode  properties  of  the  structure, 
Fig.3. 

Fig.  4  and  5  present  a  3D  picture  of  the  wakefields.  Fig. 
4  corresponds  to  the  beam  position  slightly  deflected  off 
the  z  ax,  line  of  Table  2,  the  accelerating  gradient  is  flat  at 
the  cross  section  of  the  structure.  Fig.  5  present  the  worse 
case  where  Jhe  beam  is  deflected,  line  2  of  Table  2,  the 
peak  gradient  is  deflected  as  well.  The  magnetic  field  Hz 
magnitude  increases  near  the  wall  boundary  as  expected 
due  to  the  high  value  of  the  ferroelectric  dielectric 
constant,  thus  one  can  predict  significant  wall  losses  for 
this  kind  of  structure. 
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Ez,  MV/m 


Figure  3.  Accelerating  field  £*2  vs.  the  distance  behind  the 
bunch  =  z  -  F?  excited  by  the  100  nC  beam.  Beam 
parameters  are  presented  in  Table  2,  line  1. 


Figure  4.  Longitudinal  accelerating  gradient  at  the  cross 
section  of  the  planar  DLA  structure.  Beam  parameters  are 
presented  in  Table  2,  line  1. 


Cold  Test  Measurements 

Tunability  measurements  have  been  done  at  9.5  GHz 
by  cavity  Cbpen  wallDresonator  [8]  Dielectric  constant  of 
the  ceramic  substrate  was  100.  Electric  field  of  1400V 
applied  to  BST  sample  (dielectric  constant  of  495)  that 
corresponds  to  2,8  V/p  bias  field.  We  measured  the  106 
MHz  firequency  shift,  tunability  factor  of  the  material  was 
9,5%, 

SUMMARY 

A  planar  tunable  dielectric  loaded  accelerating  structure 
was  presented  and  the  frequency  tunability  factor  was 
calculated.  Accelerating  gradient  dependence  on  the  beam 
misalignment  was  studied  and  the  cold  measurement 
results  were  presented. 

This  work  is  supported  by  the  US  Department  of 
Energy,  Grant  □  SBIRDE-FG02-02ER83418. 
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Figure  5.  Longitudinal  accelerating  gradient  at  the  cross 
section  of  the  planar  DLA  structure.  Beam  parameters 
presented  in  Table  2,  line  2.  The  beam  is  misaligned  and 
the  peak  gradient  is  deflected  as  well. 
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Abstract 

The  possibility  of  the  generation  of  an  ultra-short 
(about  one  micron  long)  relativistic  (up  to  a  few  GeVs) 
electron-bunch  in  a  moderately  nonlinear  laser  wakefield 
excited  in  an  underdense  plasma  by  an  intense  laser  pulse 
is  investigated.  The  ultra-short  bunch  is  formed  by 
trapping,  effective  compression  (both  in  longitudinal  and 
in  transverse  directions)  and  acceleration  of  an  initially 
nonrelativistic  (with  kinetic  energy  of  a  few  hundreds 
keVs)  e-bunch  that  is  injected  in  front  of  the  laser  pulse. 
The  initial  bunch  may  be  of  poor  quality,  may  have  a 
duration  in  the  order  of  the  laser  pulse  length  or  longer 
and  can  be  generated  by  a  laser-driven  photo-cathode  RF 
gun.  Our  ID  and  3D  calculations  predict  that  the 
accelerated  ultra-short  bunch  will  show  a  low  energy 
spread  of  less  than  one  percent  and  a  low  transverse 
emittance  in  the  order  of  a  nanometer.  An  energy  gain  in 
the  GeV-range  is  feasible  at  an  accelerating  distance  of  a 
few  centimetres.  The  total  number  of  accelerated 
electrons  is  restricted  by  the  beam  loading  effect  only  and 
can  reach  a  value  of  10^10^. 

INTRODUCTION 

Electron  bunches  with  the  length  in  the  order  of  a 
hundred  microns  have  been  produced  using  a  photo¬ 
cathode  radio-frequency  (RF)  gun  [1],  a  thermionic  RF 
gun  [2],  and  a  magnetic  bunch  compressor  [3].  However, 
many  applications,  such  as  laser  wake-field  acceleration, 
inverse  Cherenkov  acceleration,  inverse  free  electron 
laser  (FEL),  x-ray  FEL,  high  energy  physics  and  other 
applications,  require  much  shorter  electron  bunches  with 
a  length  in  the  order  of  a  micrometer.  Generation  of  such 
a  short  electron  bunch  is  a  difficult  technical  problem, 
new  approaches  to  which  are  required.  Recently,  a  new 
scheme  of  a  laser  wake-field  accelerator  (LWFA)  has 
been  proposed  [4,5],  which  allows  the  generation  of  an 
ultra-short,  ultra-relativistic,  high  quality  electron  bunch. 
The  scheme  utilizes  a  non(weakly)-relativistic  bunch  of 
electrons  which  is  injected  in  front  of  a  high-intensity 
laser  pulse  generating  a  nonlinear  wake  wave  in  an 
underdense  plasma  (see  Fig.  1).  Our  results  [4,5]  showed 
that  the  electron  bunch  runs  through  the  pulse,  is  trapped 
in  the  first  accelerating  maximum  in  the  wake,  essentially 
compressed  both  in  longitudinal  and  transverse  directions, 
and  accelerated  to  an  ultra-relativistic  energy.  Here  we 

♦This  work  is  supported  by  Fundamenteel  Onderzoek  der  Materie 
(FOM,  The  Netherlands)  under  “Laser  Wakefield”  project. 
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show  that  the  trapped  electron  bunch  length  is  much  less 
than  the  plasma  wavelength.  We  also  show  that  the 
generation  of  ultra-short  relativistic  bunches  by  our 
scheme  is  possible  even  when  the  initial  bunch  length  is 
much  longer  than  the  plasma  wavelength. 

ONE-DIMENSIONAL  (ID)  THEORY 

Because  the  trapped  electrons  are  concentrated  close  to 
the  axis,  their  longitudinal  dynamics  are  well  described  by 
a  ID  theory  [5],  The  ID  theory  also  allows  a  more 
detailed  description  of  the  problem.  Suppose  that  an 
electron  is  initially  ahead  of  the  laser  pulse  (see  Fig.  1) 
and  moves  with  a  velocity  Vq  less  than  the  group  velocity 


Figure  1:  The  laser  wakefield  scheme:  the  wake  electric 
field  Ez(l),  the  potential  0  (2),  the  laser  pulse  amplitude 
a  (3),  the  initial  (4)  and  trapped  (5)  bunches  as  a  function 
of  the  position  in  a  moving  frame,  ao-2,  cr^=2,  ^=50. 

of  the  pulse  v^,  which,  in  turn,  is  equal  to  the  wake  phase 
velocity.  From  the  well  known  integral  of  motion 
y-j3gp~0=const  (see,  e.g.,  [4];  where  y  and  p  are  the 
gamma  factor  and  the  momentum  of  the  electron 
normalized  to  rrieC,  the 

normalized  wake  potential,  ^kp{Z-Vgt)^z-T,  kp=a)^Vg, 
C0p-{Ampe^lm^^^^  is  the  plasma  frequency,  and  rip  is  the 
unperturbed  plasma  electron  concentration)  one  can 
obtain  an  expression  for  the  initial  momentum  of  the 
trapped  electron  [4,5]: 

Po  =  y][P,s  -  (S'  -  (1) 

where  S=l/}j+l-<2>,„  0,r  is  the  wake  potential  at  the 
trapping  point  4-  at  which  One 
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can  see  that  the  initial  momentum  of  the  trapped  electron 
has  a  minimum,  pmin,  corresponding  to  the  minimum  of 
the  wake  potential,  ^niin;  at  this  trapping  point  the  wake 
electric  field  £2=-(l//?^)M<A^d^(normalized  to  m^Ople)  is 
zero.  The  maximum  value  Pxm\=Pg  corresponds  to  the 
point  in  the  wake  where  0=\  (^^=-^j,max<0).  In  the 
nonlinear  wakefield  the  longitudinal  space  interval,  in 
which  electrons  can  be  trapped,  decreases  with  the  wake 
amplitude  (though  the  nonlinear  wake  wavelength 
increases)  and  is  less  than  a  quarter  of  the  linear  wake 
wavelength  Figure  2  shows  numerical  results 

for  the  minimum  trapping  momentum  and  the  wakefield 
amplitude  in  dependence  on  the  peak  amplitude  uq  of  a 
Gaussian  laser  pulse:  As  usual,  the 

electric  field  amplitude  a  of  the  pulse  is  normalized  to 
nieccoje,  where  cDl  is  the  laser  frequency.  In  this  paper 
values  of  Yg^SO,  cr,=2,  and  ^3(7^  are  used  in  the 
numerical  calculations. 


Figure  2.  Calculated  dependence  of  minimum  initial 
momentum  of  trapped  electrons,  p^,  and  wakefield 
amplitude,  on  the  peak  laser  pulse  amplitude,  ao. 

For  a  moderately  nonlinear  wakefield  with  an  amplitude 
much  less  than  the  wave-breaking  field  [2(;^-l)]^^^, 
|l-0f^|=|4r|»l/?g«l-  In  this  case,  supposing  that  po  is 
not  close  to pg,  one  can  obtain  from  (1): 

Po^i<f>rr-^/t)/2.  (2) 

where  -l<4r<0.  Then  /?min~(^-l/<4nin)/2.  In  the  linear 
wakefield  |^«1,  so /?min=0.5/|^n|»l*  Thus,  in  the  linear 
wakefield,  only  relativistic  electrons  can  be  trapped. 
However,  for  an  initially  relativistic  electron,  the  trapping 
time  increases  proportional  to 

The  trapping  time,  which  is  the  time  interval,  that  is 
necessary  for  an  electron  to  reach  the  trapping  point 
5r(Po)>  depends  on  the  initial  momentum  po  and  on  the 
initial  position 


Pg)’> 

where  r,K)  is  the  trapping  time  of  an  electron  which  is 
initially  at  ^0.  The  dependence  ^r(Po)  is  shown  in  Fig.  3 
for  ^0=2  and  jj=50;  in  this  case  £2,max~0.9  (see  Fig.  1),  the 
nonlinear  plasma  wavelength  is  .  I44y?p,  arid 
Pimn==0'53.  The  trapping  time  has  a  minimum,  which 
corresponds  to  po~I»  or  to  a  kinetic  energy  of  about  200 
keV.  For  the  trapping  time  of  an  electron  bunch,  in  which 
the  electron  momentum  changes  in  the  range 
and,  supposing  that  the  tail  of  the  bunch  is  at  ^0,  we  can 
write: 

(4) 

where  rfr,niax(iiun)  is  the  maximum  (minimum)  value  of 
for  electrons  in  the  range  pi<pQ<p2,  and  Lq  is  the  initial 
bunch  length. 


Figure  3.  The  trapping  time,  as  a  function  of  the 
initial  electron  momentum,  po* 

As  the  trapped  electron  has  reached  a  relativistic  energy 
(f  »1)  in  the  wakefield,  its  dynamics  becomes  slow,  and 
its  spatial  position  in  the  wake  changes  on  a  normalized 
time  scale  of  Tac<F^27rYg.  So,  another  electron,  with  the 
same  p^  but  different  ^  will  be  trapped  very  close  to  the 
first  one  if  ATtr«Tacc^  Test  particle  simulations  showed 
that  the  trapped  bunch  length  is  much  less  than  the  plasma 
wavelength  and  undergoes  practically  no  change  during 
acceleration.  One  can  see  that  the  absolute  and  relative 
energy  spread  in  the  trapped  bunch  are  5y -At[r\E^{^^\ 
and  e^&YlY-ArtrKv-ATt^  respectively  [4,5].  In  the  case 
of  finite  momentum  spread  dp^  in  the  initial  bunch, 
electrons  with  different  ;?o  will  be  trapped  at  different 
trapping  points.  From  Eq.  (2)  (/kr^po-Yi^  Then,  for  an 
electron  bunch  (%r=(4r(P2)-^r(Pi)==|^z|^<^-4>o»  where 
Ez  is  some  value  of  the  wake  electric  field  in  the  region 
occupied  by  the  trapped  bunch,  L  is  the  trapped  bunch 
length.  So,  the  trapped  bunch  length  can  be  estimated  as 
L«(<^-4?o)/|^z|  when  the  effect  of  the  finite  initial  bunch 
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length  is  less  than  the  effect  of  the  initial  momentum 
spread. 

In  Fig.  4  the  energy  of  trapped  electrons  is  shown  for  the 
case  of  an  initially  mono-energetic  bunch  (in  this  case  the 
trapped  bunch  length  and  the  absolute  energy  spread  are 
approximately  proportional  to  the  initial  bunch  length), 
Po=l,  and  Lo=lOAp.  For  example,  at  an  acceleration  length 
l=400yip  (corresponding  to  2  cm  for  Ap-50  /rni),  the 
trapped  bunch  length  is  about  7xl0”^;ip  («0.35  jum  in  the 
case  of  y?p=50  jum)  when  Lo=10y1p  and  10  times  less  when 
Lo-^\  the  trapped  bunch  length  change  is  insignificant 
during  acceleration.  The  energy  of  the  electrons  is  about  1 
GeV  at  l=400Ap,  the  relative  energy  spread  is  =0.93%  for 
Lo=Ap  and  ==0.5%  when  Lo=10/^p.  The  generation  of  good 
quality  ultra-short  relativistic  e-bunches  in  the  case  of 
large  initial  momentum  spread  and  Lo-Jip  is  also  possible 
[4,5].  The  initial  bunch  can  be  generated  for  example  by  a 
laser-driven  photo-cathode  RF  gun. 


Figure  4.  Energy  of  accelerating  electrons,  /?o=l»  ^=10>^p. 

THREE-DIMENSIONAL  (3D)  CASE 

In  a  3D  linear  wakefield,  generated  in  an  uniform 
plasma,  the  transverse  force  is  defocusing  in  the  trapping 
region.  Fortunately,  in  the  nonlinear  wakefield  and  in  the 
wake  generated  in  a  plasma  channel  the  near-axis 
wakefield  can  be  focusing  over  the  entire  accelerating 
region  [5,6],  so  that  our  scheme  can  “work”  in  3D  as  well. 
The  trapped  electrons  are  concentrated  near  the  axis  due 
to  the  focusing  force.  An  example  of  the  radial  motion  of 
the  electrons  with  different  initial  radial  positions  is 
shown  in  Fig.  5  for  the  case  of  a  laser  wakefield  excited  in 
a  plasma  channel  by  a  pulse  with  a  Gaussian 
(~exp(-r^/crr^))  radial  profile.  For  these  initial  bunch 
parameters  and  Lo=^,  the  trapped  bunch  length  is 
L=3.5xl0“^>^p,  the  relative  energy  spread  is  f  =3%  at  the 
acceleration  distance  Z=400.^,  and  L=O.01/!p  and  £■=10% 
when  Lo=10/^p.  In  the  case  of  finite  momentum  spread  in 
the  initial  bunch,  namely,  03^^<l,2,  -0.02<pro<0^02 
(L35<>6<L56),  and  Io=0.8^,  the  trapped  bunch  length  is 
about  0.02>^p  during  acceleration.  The  average  energy  and 
the  relative  energy  spread  in  the  accelerated  bunch  are 


«1.07  GeV  and  =4.5%  respectively,  at  l=400Ap.  The 
longitudinal  dynamics  and  energy  of  the  trapped  electrons 
in  3D  are  approximately  the  same  as  in  the  ID  case. 


Figure  5.  Transverse  dynamics  of  trapped  electrons, 

Pzo=l,FK)=0,flo=2,  0^=2,  a^5. 

In  3D,  the  normalized  emittance  was  calculated  to  be 
€n~{R^^47^)Ap  [5],  where  is  the  betatron 

frequency,  R«(Jr  is  the  trapped  bunch  radius  (i2  and  R 
are  in  the  normalized  units),  and  is  in  the  order  of  a 
nanometer  in  the  ultra-relativistic  regime.  For  example, 
^~3  nm  for  the  case  presented  in  Fig.  5  (initially  mono- 
energetic  bunch)  when  Lo=10>^,  /=400>^  and  Ap=50  /m; 
in  the  case  of  the  finite  initial  momentum  spread 
considered  above,  the  emittance  is  approximately  the 
same. 

The  total  number  of  accelerated  electrons  is  restricted 
by  the  beam  loading  effect,  N;,,/«3xl0*^>ip[/mi]  [5].  One 
can  see  that  this  number  can  reach  a  value  of  ~10^  when 
the  plasma  wavelength  is  in  the  order  of  tens  of  microns 
(that  is  typical  for  laser  pulses  with  Al~1  //m)  and  ~10^ 
for  Ap  in  order  of  hundreds  microns  (that  is  typical  for 
CO2  laser  pulses,  Al~\0  pm).  The  scheme  can  also  be 
applied  to  the  self-modulated  LWFA  case. 
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Abstract  which  is  equal  to  the  wake  phase  velocity,  changes.  This 


It  is  found  that  a  charged  particle  can  get  a  net  energy 
gain  from  the  interaction  with  an  electromagnetic  chirped 
pulse.  Theoretically,  the  energy  gain  increases  with  the 
pulse  amplitude  and  with  the  relative  frequency  variation 
in  the  pulse. 

INTRODUCTION 

Modern  high-intensity  lasers  can  generate 
electromagnetic  (EM)  pulses  with  the  electric  field 
amplitude  Eo[TV/m]=3.2ao/>lL[/^]  in  order  of  10  TV/m 
(here  ao’=Eol{meC(o/e)  is  the  normalized  peak  amplitude 
and  Ai  is  the  laser  wavelength).  However,  it  is  not  easy 
for  a  charged  particle  to  get  a  net  energy  gain  of  even  10 
MeV  after  interaction  with  such  laser  pulses.  In  the  laser 
pulse  field,  a  free  charged  particle  experiences  the 
ponderomotive  force.  In  the  one-dimensional  (ID)  case 
the  acceleration  in  front  of  the  pulse  is  followed  by 
deceleration  in  the  descending  part  of  the  pulse,  so  that 
the  net  energy  gain  is  zero.  However,  in  a  laser  pulse  of 
finite  transverse  extension  an  electron  can  leave  the  pulse 
before  the  decelerating  field  will  compensate  the  acquired 
energy  (see,  e.  g.,  recent  articles  [1]  and  references 
therein).  Acceleration  of  free  electrons  to  MeV  energy, 
after  interaction  with  a  high-intensity  (/o=10^^  W/cm^, 
^0-3)  laser  pulse  in  vacuum,  has  been  observed 
experimentally  [2].  Free  electrons  can  also  acquire  energy 
fi*om  the  laser  field  if  they  are  ‘"born”  inside  the  pulse 
(where  a^O)  due  to  tunnelling  ionisation  [3], 

In  this  article  we  show  that  a  charged  particle  can  get  a 
net  energy  gain  after  interaction  with  an  electromagnetic 
pulse  with  the  carrier  frequency  changing  fi-om  head  to 
tail  (chirped  pulse)  even  in  the  one-dimensional  case. 
Presently,  high-intensity  W/cm^)  short  chirped 

laser  pulses  are  available  [4].  A  chirped  pulse  can  be 
generated  as  a  result  of  reflection  from  a  relativistic 
mirror  when  the  gamma  factor,  of  the  mirror  changes 
during  reflection.  Computer  simulations  showed  that  of 
an  electron  mirror  produced  by  a  high-intensity 
femtosecond  laser  pulse  focused  on  a  thin  solid  target  can 
increase  firom  y^-l  to  the  value  of  --10^.  So,  the  carrier 
fi-equency  of  the  reflected  EM  pulse  (where 

cOin  is  the  incidence  frequency)  will  increase  considerably. 
The  plasma  electron  density  spike  in  a  nonlinear  laser 
Wakefield  can  also  serve  as  a  relativistic  mirror  with 
changing  velocity  if  the  group  velocity  of  the  laser  pulse, 

’This  work  is  supported  by  Fundamenteel  Onderzoek  der  Materie 
(FOM,  The  Netherlands)  under  “Laser  Wakefield”  project. 


can  take  place,  for  example,  in  a  non-uniform  plasma. 
Below  we  consider  the  interaction  of  a  charged  particle 
(here-an  electron)  with  a  one-dimensional  chirped  EM 
pulse.  This  approach  is  valid  when  the  particle  remains 
close  enough  to  the  pulse  axis,  so  that  we  can  neglect  the 
change  of  die  EM  field  in  the  transverse  direction. 

DYNAMICS  OF  AN  ELECTRON  IN  AN 
ELECTROMAGNETIC  FIELD 

Suppose  that  the  EM  pulse  propagates  in  the  Z  direction 
and  is  linearly  polarized  in  the  x  direction.  For  a  one¬ 
dimensional  chirped  pulse  we  can  write 
E^Eo(Ooos[aj(C)C\^  C^Z-ct,  B-eyBy-eyE^,  where  is 
the  carrier  frequency  and  B  is  the  magnetic  field  of  the 
pulse.  In  the  pulse  field  (E(Ex,0,0),  B(0,By=Exfi)),  we 
have  for  the  electron’s  momentum  components: 


dpjdT  =  -a-fi,)E„ 

(1) 

dp  y  1  dr  =  0, 

(2) 

dpjdr  = 

(3) 

Here  p=l?fmeC  and  P=v/c  are  the  dimensionless 
momentum  and  velocity,  t=w^t  is  the  dimensionless  time, 
aJt)=aK0),  the  spatial  variables  are  normalized  to  clco^  and 
the  electric  and  magnetic  fields  are,  as  usual,  normalized 
to  meCCO(Je.  According  to  Eq.  (2),  the  y-component  of  the 
momentum  is  conserved:  py{f)=Py{v=Qi)=p^-oonsV  From 
Eqs.  (l)-(3)  we  find  the  well-known  integral  of  motion  [1] 

y(j) -p,  (f) = Xo  -Pzo  =  ^ W 

where  ;^=(l+p^)^^^  is  the  relativistic  factor.  Equation  (1) 
gives  us  the  expression  for  the  transverse  momentum: 

P.=pAQ+lEA^)d^^P.o+A,  (5) 

where  4=^^0).  With  known  px  and 

Py=Pyo  one  can  find  the  longitudinal  momentum  p^  and  y 
from  Eq.  (4): 

fv  ^ 

+/(A,p„),  (6) 

Kr  J  Iro 
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where  f=A(A+2pxo)/2C.  When  an  electron  is  initially  non- 
relativistic  (jt-l),  C*=l  and  j^A^I2+Ap^.  For  an  initially 
relativistic  electron  with  the  longitudinal  momentum 
prevailing,  {p^f,{pyof«ip^f»\,  we  have  from  (6): 


depending  on  the  chirped  pulse  parameters.  The  value  of 
A  is  equal  to  zero  when  d AQ=7ilill2±m),  m=l,3,5,...  Fig. 
1  shows  the  dependence  A(A£3)  for  different  lengths  of 
the  pulse.  Thus,  the  energy  of  an  electron  can  be  changed 


A(A  +  2p^p) 


y  10  ’  p zo  ^ 

+  <  oJ’ 


(7) 


where  When  initially  the 

transverse  motion  dominates  {{pyQf,(pzS)f«{pxof»\, 
W^To)  then: 


P.l  A(A  +  2p,„) 

y  J  Uo  J  2r„ 


LINEARLY  CHIRPED  PULSE 

Thus,  the  dynamics  of  an  electron  are  determined  by  the 
initial  momentum  and  the  value  of  Let  us 

consider  the  interaction  of  an  electron  with  a  chirped  EM 
pulse  over  an  infinite  interaction  region  ^=+00,  ^-00, 
For  simplicity  we  choose  a  linearly  chirped  Gaussian 
pulse,  £';,=aoexp(-^/o^)cos(i2§,  where 

/2(§=fty6|)=l+Ai2^2cr  is  the  normalized  carrier 
frequency,  A£2=Q{(t)-^~d).  So,  for  the  linear  chirp  we 
obtain: 


0.3  0.4  0.5  0,6  0.7  0.8  0.9  1.0 


0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0 

AQ 


Figure  1:  Electron’s  transverse  momentum  gain  A  after 
interaction  with  a  chirped  EM  pulse,  ao=0.l,  o=50  (a)  and 
0^=100  (b). 


considerably,  after  interaction  with  a  chirped  EM  pulse, 
(9)  by  proper  choice  of  the  pulse  parameters.  For  example, 
A~2  for  A^O.5,  ao=3,  and  <7=100.  The  latter  two  values 
approximately  correspond  to  the  experimental  conditions 
of  Ref.  [2]. 


where  \^A^2d2.  According  to  expression  (9),  when 
t//4(l+i^)»l,  the  momentum  (energy)  acquired  by  the 
electron  is  negligibly  small.  For  a  non-chirped  pulse 
(v^O)  the  value  of  A  is  maximum  for  a=2^^'^: 
A=-(2;!)^'^exp(-l/2)ao-  This  case  of  a  sub-cycle  EM  pulse 
was  studied  in  Ref.  [6].  For  a  multiple-cycle  pulse 
considering  here,  momentum  (energy)  transferred  to  an 
electron  after  interaction  with  such  a  pulse  can  be 
considerable  when  v^»l.  In  this  case: 


We  see  that  for  a  non-chirped  pulse  A->0  (known  result) 
and  that  A^O  for  a  chirped  pulse  (new  result)  due  to  the 
change  in  the  carrier  frequency.  One  can  see  also  that  A  is 
a  periodic  function  with  an  amplitude  and  “frequency” 


ELECTRON  ACCELERATION 

The  effect  found  can  be  used  to  accelerate  charged 
particles.  For  non-relativistic  electrons  the  energy  gain  is 
Ay=y-yo=A(A-^2p^)/2  and  the  absolute  energy  spread  in 
an  electron  bunch  after  interaction  with  the  chirped  pulse 
will  be  Sy=dyo+^SyQ-¥ASp^,  where  Syo  {Sp^)  is  the 
energy  (transverse  momentum)  spread  before  interaction. 
In  the  relativistic  case,  according  to  (7),  when  p^>0, 
energy  gain  is  proportional  to  the  initial  energy  and  can 
be  considerable  even  for  small  value  of  A. 

Assume  initially  p;to=P>o=0  and  that  the  electron  co¬ 
propagates  with  the  pulse  (for  which  A=:Ai)  with 
relativistic  velocity.  After  interaction  with  the  pulse, 
according  to  (5)  and  (7),  /?^i=Ao(1+Ai^)  and  p^i=Ai.  To 
compensate  the  transverse  momentum,  p^u  acquired,  a 
second  pulse  can  be  sent  along  p^i,  so  that p^i  (Pd)  will  be 
the  longitudinal  (transverse)  momentum  with  regard  to 
the  second  pulse.  Then,  after  interaction  with  second 


1904 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


pulse,  according  to  (7)  and  (8),  Pzi-Pzi-^M  and 
px2=Pxi+A2(A2+2pzi)/2j^i;  here  the  signs  of  pxi  and  p^i  in 
the  frame  of  second  pulse  should  be  taken  into  account. 
So,  by  proper  choice  of  the  parameters  of  the  pulses  one 
can  make  px2  equal  to  zero.  This  occurs,  for  example, 
when  Ai=A2>0,  A2«2p^,  and  Pxi<0  and  Pzi>0  in  the 
frame  of  the  second  pulse.  This  two-step  acceleration 
process  can  be  repeat^.  The  interaction  time  with  the 
first  pulse  is  where  Zi  is  the  duration  of  the 

pulse.  So,  for  large  enough  the  diffraction  broadening 
of  the  pulse,  which  takes  place  on  a  time  scale  t^ZrIc 
{Zj^TirolAL  is  the  Rayleigh  length,  is  the  focal  spot 
size),  can  restrict  the  interaction  time. 

When  a  relativistic  electron  moves  across  a  chirped 
pulse,  the  transverse  momentum  (energy)  can  be 
increased,  p^Pxo+A.  A  second  pulse  propagating  in 
parallel  with  the  first  one  can  accelerate  the  electron 
further,  so  that  the  longitudinal  momentum  acquired  after 
interaction  with  the  first  pulse  will  be  compensated. 

Equations  (l)-(3)  were  solved  numerically.  Figure  2 
shows  the  dynamics  of  electron,  which  is  initially  at  rest, 


Figure  2  Dynamics  of  an  electron  interacting  with  a 
chirped  pulse,  po=0,  ao=3,  cr=100,  and  di2=0.51 . 

in  the  chirped  pulse  field.  The  electron  momentums  are 
Pj^A=^2A9  and  Pz~2.39  after  interaction.  In  this  case 
}^l+Pz  (see  equation  (4))  and  the  interaction  time  is  in  the 
order  of  the  pulse  duration.  When  initially  Pzq-3,  the 
transverse  momentum  dynamics  are  the  same,  but  the 
final  longitudinal  momentum  is  much  higher,  p^-llJl 
(see  Fig.  3),  in  a  good  agreement  with  formula  (9),  y-Pz- 
In  this  case  the  interaction  takes  place,  in  the  laboratory 


frame,  over  a  distance  of  about  4544/l£,~172//rwwM»  where 
lFWHA{=2(\n2y^^a  is  the  full  width  at  half  maximum  of  the 
pulse.  For  comparison,  the  Rayleigh  length  is  -7854^1.  for 
a  laser  pulse  with  ro=30  //m  and  Al=1  /mi.  For  non- 
chirped  pulses  the  electron  momentum  was  found  to  be 
unchanged,  so  that  p=po- 


Figure  3:  The  calculated  longitudinal  momentum  of  an 
electron.  All  parameters  are  the  same  as  those  in  Fig.  2 
excepting  initial  longitudinal  momentum,  Pzo=3. 

CONCLUSION 

It  has  been  shown  that  free  charged  particles  can 
undergo  a  net  energy  gain  after  interaction  with  a  chirped 
electromagnetic  pulse.  This  new  effect  can  be  applied  for 
particle  acceleration  as  well  as  for  diagnostic  purposes  - 
to  measure  the  chirp  in  a  pulse.  The  phenomena  found  can 
play  an  important  role  in  chirped  laser  pulse-plasma 
interactions  which  are  currently  under  intensive 
theoretical  and  experimental  investigations,  (see,  e.  g., 
[4,7]). 
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Abstract 

Laser  wakefield  have  been  well-known  as  a  method  to 
accelerate  particles,  including  electrons,  ions,  and  even 
photons.  At  KERI  in  Korea,  a  TW  Ti:sapphire/Nd: glass 
hybrid  laser  system  is  established  recently.  In  this  paper, 
the  performance  of  the  TW  laser  system  will  be  presented. 
And  the  experimental  topics  scheduled  at  KERI  will  be 
presented, 

1  INTRODUCTION 

The  studies  on  intense  laser-plasma  interactions  have 
been  an  interesting  research  subject  after  the  development 
of  the  CPA  (chirped  pulse  amplification)  technology  [1]. 
Multi-TW  laser  pulse  can  be  focused  to  intensities  of  /  > 
10^^  W/cm^,  that  is  strong  enough  to  cause  nonlinearity  in 
even  unbound  (free)  electrons.  Acceleration  of  electrons 
by  a  plasma  wakefield  showed  the  possibility  of 
application  to  small-scale  accelerators  because  the 
acceleration  gradient  of  a  plasma  wakefield  is  much  larger 
by  three  or  four  orders  of  magnitede  than  that  of 
conventional  RF  linacs.  Several  methods  to  generate 
ultra-high  field  were  proposed,  including  the  plasma 
wakefield  accelerator,  the  plasma  beam-wave  accelerator 
(PBWA),  the  laser  wakefield  accelerator  (LWFA),  and  the 
self-modulated  laser  wakefield  accelerator  (SM-LWFA) 
and  so  on  [2].  With  the  development  of  the  laser 
technology  LWFA  and  SM-LWFA  attract  much  attention. 

All-optical  acceleration  schemes  with  self-injection  of 
electrons  becomes  an  important  issue  since  it  does  not 
need  any  external  accelerator  or  lasers  for  electron 
injection  and  we  need  not  to  worry  about  timing  problems 
[3-5].  Recently  Suk  et  al  proposed  a  new  self-injection 
scheme  that  background  plasma  electrons  are  self-injected 
and  trapped  by  a  plasma  wakefield  when  an  electron 
beam  passes  through  an  underdense  plasma  with  a  sharp 
dovmward  density  transition  [5].  Similar  results  were 
observed  in  the  2-D  PIC  simulations  with  the  OSIRIS 
code  when  an  electron  beam  is  replaced  by  an  intense 
laser  pulse  [6].  We  are  going  to  verify  this  scheme 
experimentally.  As  a  preliminary  step,  in  this  paper,  we 
report  the  installation  of  TW  laser  system  at  KERI,  Korea. 
In  Sec.  2,  the  TW  laser  system  is  described  in  detail. 
Future  experiment  plans  will  be  presented  in  Sec.  3. 

2  TW  LASER  SYSTEM 

Figure  1  and  2  are  the  picture  and  layout  of  the  TW 
laser  system  of  Ti:sapphire/Nd:glass  hybrid  type  installed 
in  KERI,  respectively.  According  to  CPA  teclmology,  the 
system  consists  of  four  parts  mainly:  oscillator,  stretcher, 
amplifier,  and  compressor.  A  diode-pumped  solid-state 
Nd:glass  laser  (model  GLX-200)  is  used  as  oscillator. 
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Figure  3  shows  the  performance  of  the  TW  laser  system  at 
each  step,  including  the  pulse  energy,  pulse  repetition  rate, 
pulse  temporal  width,  pulse  spectral  width  and  average 
power.  The  laser  produce  a  train  of  mode-locked, 
transform-limited  femtosecond  pulses  at  the  center 
wavelengths  ranging  fromlOSO  nm  to  1070  nm.  To 
achieve  rock-solid  ultrafast  pulses,  the  laser  relies  on 
diode  pumping  of  the  laser  crystal  and  the  use  of  a 
semiconductor  saturable  absorber  mirror  (SESAM)  to 
start  and  stabilize  the  pulse-forming  process.  A  beam 
cutter  is  used  to  tune  the  center  wavelength  of  the  laser 
and  is  fixed  to  the  wavelength  of  1054  nm  with  the 
average  power  of  220  mW  (equal  to  the  pulse  energy  of  3 
nJ)  and  pulse  repetition  rate  of  76  MHz.  In  a  pulse 
stretcher,  the  input  beam  is  incident  on  a  single  diffraction 
grating  that  is  multi-passed  to  reduce  complexity.  And  the 
beam  passes  the  grating  four-times  to  ensure  that  the 
stretched  laser  beam  is  spatially  reconstructed.  The  pulse 
is  stretched  to  1.4  ns. 

The  amplifier  system  consists  of  two  parts  depending 
on  the  laser  crystals:  a  regenerative  amplifier  using  a 
Ti:sapphire  laser  rod  and  multi-step  linear  amplifier  using 


Figure  1 :  TW  laser  system  at  KERI 


Figure  2:  Layout  of  TW  laser  system  at  KERI 
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Figure  3:  Performance  of  TW  laser  system 


Ndrglass  laser  rods.  Optical  excitation  of  the  regenerative 
amplifier  is  achieved  by  pumping  with  a  frequency 
doubled  Q-switched  Nd:YLF  laser  with  the  pulse 
repetition  of  500  Hz  and  pulse  energy  of  10  mJ  at  the 
wavelength  of  527  nm.  After  a  number  of  round  trips,  the 
pulse  is  ejected  by  activating  Pockels  cells  with  the  pulse 
repetition  rate  of  500  Hz  and  pulse  energy  of  0.4  mJ  (gain 
>  10^).  A  synchronization  and  delay  generator  is  used 
between  the  mode-locked  oscillator  and  the  regenerative 
amplifier  in  order  to  fire  Pockels  cells  in  the  regenerative 
amplifier  and  the  pulse  sheer.  The  generator  also  serves  as 
a  protection  device  to  the  amplifier  system  by  disabling 
the  triggers  to  the  Pockels  cells  in  the  event  that  the 
spectrum  collapses  due  to  failure  of  the  mode-locked  laser 
or  clipping  of  the  spectrum  by  adapting  the  bandwidth 
detection. 

At  any  individual  amplifier  stage,  the  maximum  energy 
is  limited  by  the  damage  threshold  of  the  optical  elements. 
In  order  to  extract  the  maximum  possible  energy,  it  is 
desirable  to  fill  the  rod  with  the  laser  beam  in  case  of  side 
pumping.  But,  diffraction  can  cause  rings  and  strong 
intensity  modulation  (hot  spots  in  some  cases)  that  can 
cause  optical  damage.  So,  before  sending  to  Ndrglass 
amplifiers,  the  beam  is  incident  on  the  serrated  aperture 
with  the  inner  diameter  of  3.5  mm  and  outer  diameter  of 
4.0  mm  to  cut  the  edge  part  of  a  Gaussian  beam.  The 
beam  size  at  the  serrated  aperture  is  adjusted  to  produce  a 
spatial  profile  that  compensates  for  the  radial  gain  profile 
of  the  Ndrglass  rods  in  the  linear  amplifiers.  This  insures 
a  flat-top  profile  at  the  output  of  the  laser  system. 


<lnBUt  beam.''  <Aperafurc}  <Si>atia<  rjtter> 


Figure  4r  Relay  imaging  in  Ndrglass  amplifiers 


Figure  4  shows  the  principle  of  this  relay  imaging 
technique  in  rod  amplifier  system.  There  is  some  energy 
loss  at  the  serrated  aperture  due  to  the  clipping.  This  is  not 
a  problem  because  there  is  sufficient  gain  in  the 
amplifiers  to  make  up  for  this  loss.  Following  the  serrated 
aperture  the  beam  is  transmitted  through  a  spatial  filter 
with  the  pinhole  of  10  times  the  diffraction  limit  of  the 
focused  spot  size,  where  the  overall  flat-top  bema  profile 
will  be  retained.  However,  any  high  spatial  frequencies 
from  the  aperture,  or  from  diffraction  rings  in  the  beam, 
are  filtered.  Then,  the  beam  is  transmitted  through  two 
laser  rods  as  a  pair  in  series  with  the  dimensions  of  9.5 
mm  X  115  mm  and  single-passed.  The  gain  of  two  rods  is 
around  100  when  pumped  at  '-2.5kV.  Each  rod  is  pumped 
by  four  discharge  lamps  with  the  maximum  pump  energy 
of  500  J.  Following  the  9.5  mm  amplifiers  there  is  a 
Faraday  isolator.  A  vacuum  spatial  filter  is  used  to  relay 
the  first  image  located  after  the  second  9.5  mm  amplifier 
to  the  next  image  plane  located  just  after  the  1”  amplifier 
double  pass.  The  pulse  energy  after  this  vacuum  spatial 
filter  is  24  mJ.  The  vacuum  system  for  this  and  another 
vacuum  spatial  filter  in  the  system  is  a  dry  type  scroll 
pump  capable  of  pumping  down  to  <-300  mTorr.  The  final 
double-pass  laser  rod  has  the  dimensions  of  25.4  mm  x 
304.8  mm  and  produces  a  gain  of  '--80  when  pumped  at 
-"7kV.  The  rod  is  pumped  by  eight  discharge  lamps  with 
the  maximum  energy  of  12  kJ.  Another  vacuum  spatial 
filter  is  used  to  relay  the  second  image  plane  just  after  the 
25.4  mm  amplifier  to  the  first  grating  in  the  compressor 
chamber.  The  pinhole  size  is  approximately  10  times 
diffraction  limited  at  1.2  mm  diameter.  The  beam  is 
expanded  to  the  diameter  of  30  mm  after  the  vacuum 
spatial  filters  to  limit  the  beam  energy  to  125  mJ/cm^  that 
is  lower  than  the  damage  threshold  of  the  compressor 
gratings  of  250  mJ/cm^.  Finally  the  beam  is  transmitted  to 
the  compressor  chamber.  Compressor  consists  of  two 
diffraction  gratings  (1740  lines/mm)  and  one  retro- 
reflecting  mirror  assembly.  It  is  designed  to  compress 
pulses  from  the  Ndrglass  amplifier  chain  to  700  fs  with 
the  efficiency  of  70  %.  Compressor  is  placed  inside  a 
vacuum  chamber  with  the  dimensions  of  60”x27”x20”. 
Figure  5  shows  the  autocorrelation  measurement  of  the 
compressed  pulse  with  the  pulse  width  of  700  fs. 


Figure  5:  Autocorrelation  measurement 
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Figure  6:  Focal  spot  measurement. 

And  then,  the  beam  is  transmitted  to  the  interaction 
chamber  that  is  coupled  with  the  compressor  chamber  to 
study  the  laser-plasma  interactions.  The  beam  is  focused 
to  a  focal  spot  just  above  a  gas  nozzle  using  an  off-axis 
parabolic  mirror.  An  energy  analyser  to  obtain  energy 
distribution  of  accelerated  electron  beam  is  installed 
inside  the  interaction  chamber.  The  charge  of  the  electron 
beam  is  measured  with  the  ICT  beam  charge  monitor 
(Bergoz). 

All  required  electronics  to  synchronize  lasers,  operate 
and  fire  laser  amplifiers,  and  provide  the  laser  cooling  are 
contained  in  the  19”  rack. 

3  FUTURE  EXPERIMENT  PLAN 

Before  main  experiments,  we  checked  the  beam  quality 
of  focused  beam  using  an  off-axis  parabolic  mirror  with 
the  focal  length  of  50  mm.  An  objective  lens  with  the 
magnification  of  60  times  was  used.  In  order  to  avoid  the 
damage  of  the  objective  lens  the  pulse  energy  was 
attenuated  with  anti-reflecting  mirrors  and  neutral  density 
filters.  Figure  6  shows  the  beam  profile  of  focal  spot  and 
the  inset  shows  the  two-dimensional  image  of  focal  spot. 
It  shows  that  the  beam  quality  of  focal  spot  is  very  good 
with  the  beam  diameter  of  3  pm. 

We  are  now  considering  two  approaches  to  achieve 
local  density  transition  to  verify  Suk’s  self-injection 
scheme  [6].  One  is  the  density  transition  produced  using 
thin  wires.  Characterization  of  density  distribution  after  a 
thin  wire  above  the  gas  nozzle  is  imder  study  using  an 
interferometer.  The  other  is  the  density  transition  at  the 
boundary  of  plasma  channel.  This  will  be  discussed  in 
details  in  anoAer  paper  [7]. 

4  SUMMARY 

TW  laser  system  of  Ti:sapphire/Nd: glass  hybrid  type  is 
installed  at  KJERI  successfully.  TW  laser  pulses  are  with 
the  pulse  energy  of  1 .4  J,  pulse  length  of  700  fs,  and  then 
the  peak  power  is  2  TW.  Experiments  of  the  particle 
acceleration  are  scheduled  on  various  scheme,  e.g;  gas  jet 
with  density  transition  and  so  on^ 
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Abstract 

Monoenergetic  laser  acceleration  of  trapped 
microbunches  has  been  demonstrated  for  the  first  time. 
An  inverse  free  electron  laser  (IFEL)  is  used  to  create 
microbunches,  which  are  then  accelerated  by  a  second 
IFEL  using  a  tapered  undulator.  An  adjustable  magnetic 
field  chicane  is  located  between  the  two  IFELs  and  is 
used  to  control  the  phase  of  the  microbunches  with 
respect  to  the  laser  field  in  the  second  IFEL.  The  IFELs 
are  driven  by  a  single  laser  beam  from  a  high  peak  power 
CO2  laser.  During  the  experiment,  the  trapped  portion  of 
the  microbimch  electrons  had  an  energy  gain  of  >16% 
with  an  energy  width  of  -0.86%  (full  width  at  half¬ 
maximum). 

BACKGROUND 

Laser  acceleration  of  relativistic  electrons  offers  the 
potential  for  very  high  acceleration  gradients.  Staging  of 
these  laser  accelerator  devices,  in  which  the  laser 
acceleration  process  is  repeated  many  times,  is  important 
for  eventually  reaching  a  high  net  energy  gain.  However, 
this  staging  process  must  also  preserve  the  electron  beam 
(e-beam)  quality  so  that  a  useful  high-energy  e-beam  is 
produced. 

Staging  between  two  laser-driven  acceleration  devices 
was  first  demonstrated  during  the  Staged  Electron  Laser 
Acceleration  (STELLA)  Experiment  [1]  located  at  the 
Brookhaven  National  Laboratory  (BNL)  Accelerator  Test 
Facility  (ATF).  During  this  experiment  an  inverse  free 
electron  laser  (IFEL),  driven  by  a  high  peak  power  CO2 
laser  at  a  wavelength  of  10.6  pm,  was  used  to  modulate 
the  energy  of  the  e-beam  passing  through  the  device.  The 
e-beam  was  allowed  to  drift  downstream  from  the  IFEL. 
During  this  drift,  the  fast  electrons  caught  up  with  the 
slow  ones,  resulting  in  bunching  of  the  electrons  into  a 
train  microbunches.  Each  microbunch  had  a  length  of 
<1  pm  and  was  separated  fi'om  the  other  microbunches  by 
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the  laser  wavelength,  i.e.,  10.6  pm.  Thus,  this  first  IFEL 
served  as  a  “buncher.”  It  used  a  permanent-magnet  (PM) 
uniform  gap  undulator. 

The  microbimches  then  entered  a  second  IFEL,  which 
acted  as  an  “accelerator.”  It  used  an  identical  PM 
undulator  as  the  buncher.  Staging  of  these  two  laser- 
driven  devices  required  rephasing  the  microbunches  with 
the  laser  field  in  the  accelerator  IFEL. 

Separate  laser  beams  were  used  during  STELLA  to 
drive  the  two  IFELs,  A  relatively  weak  laser  beam  (-24 
MW)  modulated  the  electrons  by  «±0.5%  in  the  buncher, 
and  a  stronger  laser  beam  (-200  MW)  accelerated  the 
microbunches  in  the  accelerator.  A  passive  optical  delay 
line  was  used  to  control  the  phase  of  the  laser  beam 
driving  the  accelerator  with  respect  to  the  microbunches 
entering  the  second  device. 

With  the  ±0.5%  buncher  modulation,  the  electrons 
needed  to  drift  by  2  m  before  they  optimally  bunched. 
Hence,  the  accelerator  IFEL  was  located  2  m  downstream 
from  the  buncher  IFEL. 

While  successful  at  demonstrating  staging,  the 
accelerated  microbunches  during  STELLA  were  not  truly 
trapped  in  the  ponderomotive  potential  well  of  the  laser 
field  in  the  accelerator  IFEL  and,  hence,  the  accelerated 
electrons  had  a  fairly  broad  energy  spread  and  were  not 
well  separated  in  energy  Jfrom  the  other  background 
electrons. 

Therefore,  the  goal  of  the  STELLA-II  experiment  was 
to  improve  on  the  quality  of  the  staging  process  by 
separating  the  accelerated  microbunch  electrons  from  the 
background  electrons  and  at  the  same  time  maintaining  a 
narrow  energy  spread  of  the  accelerated  electrons.  This 
latter  characteristic  is  important  for  efficient  acceleration 
of  the  accelerated  microbunches  in  subsequent 
acceleration  stages. 

DESCRIPTION  OF  EXPERIMENT 

STELLA-II  improves  upon  the  basic  scheme  used 
during  STELLA.  A  diagram  of  the  experiment  is  shown 
in  Fig.  1.  Two  IFELs  are  still  used,  but  a  single  laser 
beam  is  used  to  drive  both  devices.  This  eliminates  phase 
jitter  between  the  two  laser  beams,  which  was  evident 
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during  the  STELLA  experiment.  In  order  to  use  a  single 
laser  beam,  the  two  IFELs  must  also  be  located  close  to 
each  other.  Therefore,  the  2-m  drift  space  between  the 
devices  was  eliminated  and  replaced  with  a  magnetic 
chicane. 

The  buncher  still  uses  a  PM  undulator;  however,  it  was 
redesigned  to  provide  a  small  amount  of  modulation  when 
a  large  amount  of  laser  intensity  travels  through  it  since 
the  high-power  laser  beam  driving  the  accelerator  IFEL 
must  also  pass  through  the  buncher  IFEL. 

The  chicane  is  a  hybrid  permanent 
magnet/electromagnet  (EM)  device  that  makes  the 
modulated  electrons  bunch  at  its  output  by  causing  the 
faster  electrons  to  take  a  shorter  path  than  the  slower 
electrons.  The  constant  PM  field  provides  the  nominal 
curved  trajectory  for  this  process  while  the  adjustable  EM 
field  allows  a  fine  adjustment  on  the  length  of  the 
trajectory.  Thus,  the  EM  field  serves  the  same  role  as  the 
optical  delay  line  during  STELLA  and  provides  the  phase 
delay  adjustment  needed  during  the  experiment. 

Another  key  difference  between  STELLA-II  and 
STELLA  is  the  usage  of  a  tapered  undulator  for  the 
accelerator  IFEL.  STELLA  used  an  untapered  undulator; 
STELLA-II  uses  an  11%  gap  tapered  undulator.  Using  a 
tapered  undulator  is  critical  for  achieving  higher  energy 
gain,  but  it  requires  a  minimum  amount  of  laser  power  to 
drive  the  device.  Upgrades  made  to  the  ATF  CO2  laser 
have  greatly  increased  its  available  peak  power. 

The  high  energy  gain  provided  by  a  tapered  undulator 
enables  the  microbunch  electrons  to  be  separated  away 
from  the  unbunched  background  electrons.  As  mentioned 
earlier,  this  was  one  of  the  goals  of  the  STELLA-II 
experiment. 

EXPERIMENTAL  RESULTS 

Table  1  lists  the  basic  experimental  values  during  the 
STELLA-II  experiment. 


Figure  2  gives  an  example  of  the  modulation  energy 
spectrum  produced  by  the  PM  buncher.  The  chicane  is 
designed  to  provide  optimum  bunching  when  the  buncher 
produces  ±0.5%  energy  modulation  on  the  e-beam.  Thus, 
the  modulation  seen  in  Fig.  2  is  close  to  the  desired 
amount.  During  the  experiment  it  was  found  there  was 
considerable  variation  from  shot-to-shot  of  the  amount  of 
the  modulation  and  the  shape  of  the  modulation  spectrum. 
We  believe  this  may  be  due  to  shot-to-shot  variations  in 
the  laser  intensity  distribution  at  the  buncher  location. 


Table  1:  STELLA-II  experimental  parameters. 


Parameter 

Value 

£-beam  energy 

45.6  MeV 

E-bcdm  intrinsic  energy  spread 

^.04% 

£'-beam  normalized  emittance 

1.5  mm- 
mrad 

£'-beam  charge 

~0.1  nC 

E'-beam  pulse  length 

~3  ps 

Laser  wavelength 

10.6  pm 

Laser  pulse  length 

'-ISO  ps 

Laser  pulse  energy 

>5  J 

It  was  also  noted  during  the  experiment  that  the 
modulation  was  often  considerably  larger  than  the  desired 
±0.5%.  This  would  lead  to  overmodulation  of  the 
electrons,  which  meant  they  would  optimally  bunch 
before  they  entered  the  accelerator  IFEL. 
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In  addition,  the  modulation  spectrum  did  not  always 
display  clean  double-peaks  as  seen  in  Fig.  2,  which 
implied  less  than  ideal  modulation.  This  would  lead  to 
less  than  optimum  bunching  of  the  electrons,  i.e.,  the 
electrons  in  the  microbunches  would  be  spread  over  a 
wider  phase.  We  believe  this  may  help  explain  some  of 
the  results  seen  in  energy  spectra  generated  by  the  tapered 
undulator. 

Figure  3  shows  the  energy  spectrum  from  the  tapered 
undulator  after  the  electrons  pass  through  the  PM  buncher 
and  chicane.  The  EM  field  on  the  chicane  was  adjusted  so 
that  the  phase  delay  between  the  microbunches  and  the 
laser  field  in  the  accelerator  IFEL  yielded  approximately 
maximum  acceleration. 

A  narrow  spike  of  accelerated  electrons  can  be  clearly 
seen  on  the  right  of  the  spectrum  centered  at 
approximately  16%  energy  gain  (>7  MeV  net  energy 
gain).  The  energy  width  of  the  peak  is  «0.86%  full-width- 
at-half-maximum  (FWHM).  The  amount  of  acceleration 
and  width  of  the  peak  is  consistent  with  our  model 
simulations  for  this  experiment  [2] -[3]. 

The  apparent  sharp  dips  in  the  spectrum  (indicated  in 
red)  located  at  roughly  1%  and  14%  energy  shift  are  due 
to  fiducial  marks  on  the  spectrometer  phosphor  screen 
that  are  seen  by  the  video  camera.  We  believe  the  actual 
electron  energy  spectrum  continues  across  these  dips  in  a 
smooth  fashion. 

There  are  electrons  in  the  middle  of  the  spectrum 
between  the  narrow  peak  on  the  right  and  the  smaller  peak 
on  the  left.  The  model  predicts  with  optimal  bunching 
that  there  should  be  insignificant  electrons  between  these 
two  peaks.  The  presence  of  these  electrons  between  the 
peaks  may  be  evidence  of  less  than  optimal  bunching 
occurring.  In  other  words  some  of  the  electrons  in  the 
microbunch  may  be  spread  out  in  phase  and,  therefore,  are 
not  trapped  as  well  as  the  electrons  in  the  right-most  peak. 


Figure  3:  Example  of  energy  modulation  spectrum 
produced  by  the  accelerator  IFEL.  The 
fiducial  lines  indicated  in  the  figure  are 
lines  that  are  on  the  spectrometer 
phosphor  screen  seen  by  the  video 
camera. 

CONCLUSION 

Monoenergetic  laser  acceleration  has  been 
demonstrated  for  the  first  time.  Trapped  electrons  in 
microbunches  produced  by  an  IFEL  were  accelerated  by 
16%  representing  an  energy  gradient  of  >22  MeV/m.  The 
energy  width  of  these  trapped  electrons  is  -0,86%,  which 
is  consistent  with  model  predictions. 

This  accomplishment  is  an  important  step  towards  the 
goal  of  eventually  realizing  practical  accelerators  based 
upon  laser  acceleration. 

ACKNOWLEDGEMENTS 

This  work  was  supported  by  the  U.S.  Department  of 
Energy,  Grant  Nos.  DE-FG03-98ER41061,  DE-AC02- 
98CH10886,  and  DE-FG03-92ER40695 

REFERENCES 

[1]  W.  D.  Kimura,  et  al,  Phys.  Rev.  Lett.  86,  4041-4043 

(2001). 

[2]  W.  D.  Kimura,  et  al.,  Phys.  Rev.  ST  Accel.  Beams  4, 

101301  (2001). 

[3]  W.  D.  Kimura,  et  a!..  Advanced  Accelerator 
Concepts,  Jun.  23-28,  2002,  Mandalay  Beach,  CA, 
AIP  Conference  Proceedings  No.  647,  C.  E.  Clayton 
and  P.  Muggli,  Eds.,  (American  Institute  of  Physics, 
New  York,  2002),  p,  269-277. 


1911 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


ELECTRON  ACCELERATION  BY  LASER  WAKEFIELDS  IN  TAPERED 

PLASMA  DENSITIES 

H.  Suk,  C.  Kim,  G.H.  Kim,  J.U.  Kim,  and  HJ.  Lee 
Center  for  Advanced  Accelerators,  KERI,  Changwon,  Korea 


Abstract 

When  a  laser  wake  wave  passes  through  a  sharp 
downward  density  transition  in  plasmas,  a  significant 
amount  of  plasma  electrons  are  self-injected  into  the 
acceleration  phase  of  the  wakefield  and  accelerated  to 
relativistic  high  energies  over  a  very  short  distance.  We 
report  that  the  energies  of  the  injected  plasma  electrons 
can  be  increased  a  few  times  if  an  upward  density 
tapering  is  used.  Although  space-charge  effect  of  the 
trapped  electrons  deforms  the  accelerating  wakefield 
severely,  it  is  demonstrated  that  density  tapering  is  a  very 
effective  way  to  enhance  the  trapped  electron  energies. 


INTRODUCTION 

Laser  and  plasma-based  acceleration  methods*- can 
provide  very  high  acceleration  gradients  on  the  order  of 
100  GeV/m.  So  far  various  acceleration  methods  based 
on  different  injection  schemes^^"^^  have  been  investigated. 
One  of  them  is  the  self-injection  and  acceleration  method 
of  background  plasma  electrons  at  a  sharp  downward 
density  transition.^^^  Originally  this  self-injection  method 
was  devised  for  an  electron-beam-driven  plasma 
wakefield  acceleration  (PWFA),  but  we  found  that  a 
superficially  similar  self-injection  and  acceleration 
phenomenon  could  happen  for  a  laser-driven  wakefield 
acceleration  (LWFA). 

In  the  case  of  using  a  short  intense  laser  pulse,  however, 
there  are  some  differences  from  that  of  using  a  high- 
energy  electron  beam  pulse.  One  of  them  is  that  the  group 
velocity  of  a  laser  pulse  in  a  plasma  is  significantly 
smaller  than  that  of  an  ultrarelativistic  electron  beam 
pulse  as  Vg  =  c(l  -  co^  I <  c .  Here,  c  is  the 
velocity  of  light  in  fi-ee  space,  (D^  and  G)^  are  the 
plasma  oscillation  fi*equency  and  laser  frequency, 
respectively.  Since  the  phase  velocity  of  a  laser 

wakefield  is  almost  equal  to  becomes  smaller 

than  the  accelerated  electron  speed  in  the  highly 
relativistic  regime.  Hence,  the  trapped  electrons  and  the 
laser  wakefield  become  out  of  phase  as  the  trapped 
electrons  are  accelerated  to  highly  relativistic  energies. 
This  phase  slippage  effect  limits  the  maximum  available 

♦Email  address:  hysuk@keri.re.kr 


electron  energy  before  the  diffraction  effect  of  a  drive 
laser  pulse  is  significant.  Calculation  of  Sprangle  et 
showed  that  an  externally-injected  single  test  particle  can 
gain  a  significantly  higher  energy  when  it  is  placed  in  a 
density-tapered  plasma  channel.  In  their  calculation, 
however,  the  space-charge  effect  was  not  taken  into 
accounted  as  only  a  single  test  particle  was  used.  In  their 
case,  furthermore,  the  diffraction  effect  of  a  drive  laser 
pulse  was  cancelled  by  a  focusing  effect  in  a  preformed 
parabolic  plasma  channel  so  that  only  1 -dimension-like 
treatments  were  done.  In  this  paper,  we  report  2-D 
simulation  results,  in  which  trapped  plasma  electrons  by 
the  self-injected  laser  wakefield  acceleration  using  a  sharp 
density  transition  can  gain  significantly  higher  energies 
when  the  trapped  particles  are  accelerated  in  a  tapered 
plasma  density. 

SIMULATION  RESULTS 

In  order  to  investigate  the  energy  enhancement  effect  of 
the  trapped  plasma  electrons  in  the  self-injected  laser 
wakefield  acceleration,  we  performed  2-D  particle-in-cell 
(PIC)  simulations  as  a  satisfactory  2-D  theory  does  not 
exist  yet.  For  this  purpose,  we  used  the  fully  relativistic 
and  electromagnetic  OSIRIS  code^’^  that  employs  a 
moving  simulation  window.  Two  different  cases  shown 
in  Fig.  1  were  simulated,  in  which  one  (Case-I)  is  without 
density  tapering  and  the  other  (Case-II)  has  upward 
density  tapering.  In  both  cases,  the  plasma  densities  have 

Wq  =5x10^^  cm'^  and  ,  respectively, 

and  in  Case-II  is  varied  to  change  the  tapering  slope. 
Here,  the  superscripts  II  and  III  denote  parameters  for 
«o  and  ,  respectively.  In  the  simulations,  the  laser 

pulse  length  L  is  slightly  smaller  than  ,  the  plasma 
and  laser  frequency  ratio  !  CO ^  is  0.04,  and  the 

normalized  vector  potential  defined  by 

^0  ~  Pq!  beam  waist.  Here, 

is  the  electron  oscillation  momentum  due  to  the  laser 
electric  field  and  is  the  electron  rest  mass.  For  the 
given  laser  and  plasma  parameters,  simulations  have  been 
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Figure  1:  Plasma  density  profiles  for  untapered  and 
tapered  cases. 

performed  with  =  0.6«o^  in  Case-I  and  the 

result  is  shown  in  Fig.  2.  Figure  2  illustrates  the  trapping 
and  acceleration  phenomenon  by  the  self-injected  laser 
Wakefield  acceleration.  In  this  simulation,  the  laser  beam 
is  focused  to  a  minimum  diameter  of  19  //  m  around  the 
sharp  downward  density  transition  (shown  as  a  vertical 


Figure  2:  Simulation  results  for  the  untapered  density 
profile  (Case-I):  (a)  phase  space  plots  (y,z)  of  plasma 
electrons  at  two  different  positions  (the  distance  is 

8421  ' )  and  (b)  momentum  phase  space  plot  ( ,  z ) 

for  the  bottom  in  Fig.  2(a). 


line  in  the  top  figure  of  (a)),  and  then  the  laser  beam  size 
increases  due  to  diffraction  as  it  propagates  in  the  plasma. 
When  the  laser  wake  wave  passes  the  density  transition, 

Ap  increases  suddenly  so  that  some  background  plasma 

electrons  are  self-injected  into  the  acceleration  phase  of 
the  first  period  of  the  laser  wake  wave  (see  the  top  figure 
of  (a)).  The  injected  plasma  electrons  are  trapped  by  the 
Wakefield  and  accelerated  to  high  energies,  as  shown  in 
Fig.  2(b).  As  mentioned  above,  however,  the  accelerated 
particles  outrun  the  laser  wakefield,  which  is  evidently 
shown  in  the  bottom  figure  of  Fig.  2(a).  As  a  result,  the 
particles  eventually  arrive  in  the  deceleration  phase  of  the 
wakefield  and  can  not  gain  energy  any  more. 

Energy  saturation  of  the  self-injected  particles  due  to 
the  detuning  effect  may  be  overcome  by  using  upward 
density  tapering.  To  investigate  the  tapering  effect,  a 
linearly  tapered  density  (Case-II  in  Fig.  1)  was  used  in 
simulations,  in  which  the  density  increases  from 

=  0.6?2q^  to  =1.3kq^^  over  a  distance  of 

Az  =  9300A:q  ^ .  Here,  kQ  is  the  wavenumber  of  laser 

light  in  free  space.  In  this  case,  the  simulation  result 
indicates  that  the  laser  wakefield  wavelength  decreases 
gradually  as  the  wake  wave  propagates  along  the  upward 
density  tapering,  so  the  trapped  particles  stay  in  the 
acceleration  phase  over  a  longer  propagation  distance, 
compared  to  the  untapered  case.  In  other  words,  the 

initial  phase  velocity  of  the  first  node  in  the  wake 
wave  is  gradually  increased  to 
^ph"  =  ,  where  A? 

is  the  time  that  is  taken  for  the  wake  wave  to  propagate 
the  distance  Az .  Due  to  the  increased  phase  velocity  of 
the  wakefield,  therefore,  the  detuning  effect  can  be 
reduced.  Of  course,  it  should  be  pointed  that  the 
increased  density  leads  to  a  smaller  ,  but  this  effect  is 

minor  as  =  C  for  !  G)q  «  \  .  Instead,  the 
increasing  effect  is  much  more  significant  as 

Ap  l  Ap  =  '  ^0  )  •  Companson  of  Fig. 

3(a)  and  Fig.  2(a)  clearly  shows  the  reduction  in  detuning 
(slippage).  As  a  result,  significantly  higher  energies  for 
the  trapped  plasma  electrons  can  be  produced,  as  shown 
in  Fig.  3(c).  However,  it  should  be  pointed  out  that  the 
self-injected  plasma  electrons  deform  the  laser  wakefield 
severely,  which  leads  to  deterioration  and  reduction  of  the 
accelerating  wakefield.  This  results  from  the  strong 
space-charge  effect  of  the  tightly  focused  {\it  plasma 
electron  beam},  in  which  the  focusing  force  is  provided 
by  the  background  ions  and  remnant  electrons  in  the  wake 
wave.  The  superstrong  radial  focusing  force  is  given  by 


1913 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


<a) 


2  (in  unit  ofk/) 


500  600  700  800  900  1000 


z  (in  unit  of  kg'^) 

Figure  3:  Simulation  results  for  the  upward  density 
tapering  (Case-II)  :  (a)  phase  space  plot  0,z)  of  the 
plasma  electrons,  (b)  longitudinal  electric  field  in  the 

plasma,  and  (c)  momentum  phase  space  (p^^z)  of  the 
plasma  electron. 
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Figure  4:  Comparison  of  momentum  gains  for  untapered 
and  tapered  cases. 


SUMMARY 

It  was  demonstrated  that  electron  energies  by  the  self- 
injected  laser  wakefield  acceleration  can  be  enhanced  a 
few  times  by  using  an  upward  density  tapering  in  2-D 
cases.  Although  space-charge  force  of  the  self-injected 
plasma  electrons  deforms  the  wakefield  severely,  the 
electron  energies  can  be  increased  effectively  before  the 
diffraction  effect  of  a  laser  pulse  eventually  limits  the 
energy  gain.  This  kind  of  self-injection  and  energy 
enhancement  scheme  with  a  density  tapering  may  be 
demonstrated  with  a  special-shaped  gas  jet  in  relatively 

low  densities  (e.g.  cm‘^). 


~  (^0  “  ^Sn^)e^r  Us Q ,  where  is  the  remnant 
electron  density  in  the  wake  wave,  r  is  the  radial  distance 
from  the  axis,  and  s^  is  the  permittivity  of  free  space. 
Due  to  the  strong  focusing,  the  plasma  electron  beam 
density  is  larger  than  the  background  plasma  density 

so  that  the  beam  space-charge  force  expels  almost  all 
ambient  plasma  electrons  transversely  and  generates 
another  small  plasma  wake  wave  behind  the  beam,  as 
shown  in  Fig.  3(a)  (note  that  an  electron-free  ion  cavity  is 
produced  behind  the  beam). 

In  the  tapering  case,  degree  of  slippage  is  dependent  on 
the  upward  density  gradient.  Figure  4  shows  comparison 
of  two  tapered  cases  and  untapered  case.  It  shows  that 
tapered  cases  increase  the  detuning  distance  noticeably 
and  higher  energies  can  be  achieved.  Figure  3  implies 
that  there  is  more  room  for  energy  enhancement  with 
density  tapering.  Hence,  it  is  expected  that  higher 
energies  can  be  obtained  if  steeper  density  gradients  are 
used. 
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Abstract 

Plasmas  can  focus  both  electron  and  positron  beams. 
However,  while  the  incoming  Gaussian  transverse  profile 
of  an  electron  beam  is  preserved  upon  focusing,  the 
focusing  of  a  positron  beam  by  a  long,  high-density 
plasma  results  in  a  tightly  focused  core  with  the  formation 
of  a  charge  halo.  The  plasma  acts  on  the  positron  beam  as 
focusing  element  with  transverse  and  longitudinal 
aberrations.  The  analysis  of  the  focused  positron  beam 
transverse  profiles  is  presented  here. 

INTRODUCTION 

Plasma-based  accelerators  are  characterized  by  their 
large  accelerating  gradient,  one  or  more  order  of 
magnitude  larger  than  those  in  today’s  state  of  the  art 
radio-frequency  base  accelerators.  Laser-driven  plasma 
accelerators  have  demonstrated  extremely  high  gradients, 
in  excess  of  100  GV/m  [1].  However  energy  gains  have 
been  limited  to  ~200  MeV  [2],  because  the  TW  laser 
beam  needs  to  be  focused  to  an  extremely  tight  focal  spot 
to  achieve  the  large  intensity  (>10^^  W/cm^)  necessary  to 
drive  the  large  amplitude  plasma  wave.  As  a  result  the 
acceleration  distance  is  limited  to  a  few  Rayleigh  length 
of  the  laser  beam,  i.e.,  less  than  one  millimeter.  In  particle 
beam  driven  plasma  accelerators  [3]  or  Plasma  Wakefield 
Accelerators  (PWFAs),  gradients  in  the  1-10  GV/m  range 
are  expected.  However,  particle  beams  are  focused  by  he 
plasma  and  can  be  channeled  over  long  distances, 
therefore  allowing  in.  principle  for  multi-GeV  energy 
gains  to  be  achieved  in  meters-long  plasmas  [4].  Present 
experiments  are  performed  in  the  very  nonlinear  regime  of 
the  PWFA,  reached  when  the  beam  density  rit  is  larger 
than  the  plasma  density  Focusing  of  both  electron  and 
positron  beams  is  predicted  and  observed  experimentally. 
However  differences  are  expected  since  an  electron  bunch 
expels  the  plasma  electrons  from  the  bunch  volume,  while 
a  positron  beam,  attracts  them  toward  the  bunch  volume. 
Electron  bunches  can  be  focused  by  an  ideal,  aberration- 
free  plasma  focusing  element.  For  a  positron  bunch  the 
plasma  acts  as  a  focusing  element  with  transverse 
(spherical)  and  longitudinal  aberrations.  Previous  results 
showing  the  dynamics  of  the  focusing  of  positrons  by 
low-density  («e<10^^  cm'^)  plasmas  have  been  published 
[5].  Focusing  of  a  positron  beam  by  a  short,  dense  plasma 
has  also  been  observed  previously  [6]. 

FOCUSING  OF  ELECTRONS 

A  dense  electron  bunch  is  sent  into  an  initially 

neutral  plasma  expels  all  the  plasma  electrons  from  the 
bunch  voliune  (blow-out),  a  short  distance  behind  the 
bunch  front.  The  remaining  pure  ion  column  partially 


neutralizes  the  space  charge  field  of  the  core  of  the  bunch, 
and  the  bunch  is  therefore  focused  by  its  self-magnetic 
field.  The  density  of  a  Gaussian  cylindrical  bunch  with 
radius  cr^,  length  and  N  particles,  is  given  by 


nb~N/araz  For  a  highly  relativistic  electron  bunch 

the  pure  ion  column  focusing  field  can  be  calculated  using 
Poisson’s  equation  and  is  given  by: 


17  1 

E  = - 

2  e. 


(1) 


The  plasma  is  initially  neutral,  and  the  ion  column  density 
Hi  is  equal  to  Alternatively,  the  focusing  strength  of  the 
pure  ion  column  is  given  by: 


Be  «,e 

r  rc  2 


(2) 


and  amounts  to  6kT/m  for  «e=2xl0^'*  cm'^.  Previous 
works  [7]  have  shown  that  the  focusing  of  narrow 
{kpe(yr«\)  electron  bunches  in  this  blow-out  regime 
(«^,>«e)  is  well  described  by  a  beam  envelope  model  [8] 
for  the  beam  transverse  size  a/,  The 

plasma  restoring  term  is  given  by:  K=(l/ymc^)(F/r)== 
(l/ymc^)(eEr/r)^(Ope/2yc^.  Here  kpe^cOpJc  is  the 
relativistic  plasma  wave  wavenumber,  (OpQ=(n^ / Som^^ 
is  the  plasma  pulsation,  and  e  is  the  beam  emittance.  The 
incoming  Gaussian  beam  (in  the  transverse  dimensions  x 
and  y)  is  focused  to  a  nearly  Gaussian  spot,  as  seen  on 
Fig.  1.  In  this  blow-out  regime,  most  of  the  bunch  charge 
is  focused  by  the  pure  ion  column,  which  acts  on  the 
beam  as  an  essentially  aberration-free  focusing  element. 
The  formation  of  the  pure  ion  column,  and  access  to  the 
blow-out  regime  within  a  single  bunch  has  also  been 
studied  [9]. 


Figure  1:  OTR  images  of  the  electron  bunch  without 
plasma  («e=0  left),  and  with  cm'^  (right)  with  the  x 

(horizontal)  and  y  (vertical)  beam  profiles.  Without 
plasma  the  beam  size  is  asymmetric  because  the  beam 
emittances  are  different  in  the  jc  and  y  planes. 

FOCUSING  OF  POSITRONS 

A  positron  bunch  sent  into  an  initially  neutral  plasma, 
attracts  the  plasma  electrons  toward,  rather  than  expels 
them  from  the  bunch  volume,  and  they  stream  through  it. 
As  a  result  no  blow-out  condition  exists.  The  neutralizing 
plasma  electron  density  has  a  radial  maximum  on  axis, 
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and  varies  along  the  entire  bunch  length.  The  positron 
bunch  is  partially  neutralized  and  is  therefore  focused  by 
the  plasma.  However,  the  focusing  field  varies  nonlinearly 
both  along  r  and  z,  and  the  plasma  acts  on  the  positron 
bunch  as  a  focusing  element  with  strong  spherical  and 
longitudinal  aberrations  [10]. 

An  experiment  known  as  E-162  [11]  has  been 
performed  at  the  Stanford  Linear  Accelerator  Center 
(SLAC)  to  study  the  acceleration  of  28.5  GeV  electrons 
and  positrons  [12]  in  a  1.4  m-long  plasma.  The  1.4  m  long 
plasma  with  rie  in  the  0-2x1 0^"^  cm"^  range  is  obtained  by 
photo-ionization  of  a  lithium  vapor  by  a  ultra-violet  laser 
pulse  [13].  The  particle  beam  is  cr^TOO  pm  long,  has 
i\r^^xl0^®  particles,  and  is  focused  at  the  plasma  entrance 
to  a  round  spot  with  pm.  In  this  experiment  the 

focusing  of  the  beam  by  the  plasma  is  monitored  by 
recording  the  beam  size  at  a  distance  of -1  m  downstream 
from  the  plasma.  At  that  location  the  backward  optical 
transition  radiation  (OTR)  emitted  by  the  particle  beam 
when  traversing  a  thin  titanium  foil  is  imaged  onto  a  CCD 
camera  to  obtain  time  integrated  transverse  images  of  the 
beam  on  a  shot-to-shot  basis. 


Figure  2:  OTR  images  of  the  positron  bunch  without 
plasma  («e=0,  left),  and  with  cm'^  (right)  with  the 

X  (horizontal)  and  y  (vertical)  beam  profiles.  Without 
plasma  the  beam  size  is  asymmetric  because  the  beam 
emittances  are  different  in  the  x  and  y  planes. 

Experimental  results  show  that  the  incoming  Gaussian 
positron  beam  acquires  non-Gaussian  transverse  profiles 
after  the  high-density  plasma  («e>10^^  cm'^),  as  seen  on 
Figs  2.  The  focused  beam  shows  a  focused  core 
surrounded  by  a  charge  halo,  and  the  transverse  profiles 
have  a  narrow  triangular  core  profile  sitting  on  a  broader 
triangular  pedestal  (the  halo).  A  simple  bi-triangular 
profile  fitting  routine  has  been  developed  to  describe  the 
focused  positron  x  and  y  beam  profiles.  The  routine  is 
initiated  with  linear  fits  to  the  experimental  profiles  in  the 
20%  and  80%  amplitude  range  for  the  triangular  pedestal 
and  core,  respectively.  The  routine  then  minimizes  the 
difference  between  the  area  under  the  experimental  beam 
profile  and  the  fit  profile  shape,  assuming  left-right 
symmetric  profiles  for  each  image.  The  beam  size  is 
obtained  from  the  full  width  at  half  maximum  (FWHM) 
of  the  core  triangle  fitted  to  the  data,  while  the  relative 
halo  size  is  described  by  the  ratio  between  the  charge  in 
the  triangular  core  to  the  charge  in  the  triangular  halo,  as 
shown  on  Fig.  3.  Note  that  the  profiles  of  the  beam  in 
absence  of  plasma  are  nearly  Gaussian,  with  a  root  mean 
square  width  a  Fig.  3  shows  that  in  the  case  of  a  test 
Gaussian  profile,  the  width  of  the  profile  obtained  by 


using  OffF/fA^=FWHW2(2/«2/^‘^=22.3  is  in  very  good 
agreement  with  the  input  Gaussian  width  0^24.  Note  that 
in  this  bi-triangular  description,  the  best  fit  to  a  Gaussian 
profile  has  a  halo  that  contains  <4%  of  the  Gaussian  curve 
area. 


Figure  3:  result  of  the  bi-triangular  fit  to  a  test  Gaussian 
profile.  The  fit  to  the  core  is  represented  by  the  dotted 
purple  lines  (area  ABB’),  while  the  fit  to  the  halo  is 
represented  by  the  dashed  green  line  (area  BCD  and 
B’C’D’).  The  thin  blue  line  is  the  difference  between  the 
fit  and  the  Gaussian  curve. 

This  bi-triangular  shape  fitting  is  applied  to  the  jc-  and 
y-profiles  of  the  positron  beam  measured  in  the  E-162 
experiment.  On  Fig.  4  the  result  of  the  bi-triangular  fit 
applied  to  the  x-profile  of  the  plasma  off  case  of  Fig.  2  is 
shown.  The  Gaussian  fit  result  is  also  shown  for 
comparison.  From  the  bi-triangular  fit  results,  the  bunch 
core  size  (Tfwhm  is  ~69  pixels  or  ^^622  pm.  The  “halo” 
contains  ~10%  of  the  total  charge.  Figure  5  shows  the 
same  results  for  the  plasma  on  case  of  Fig.  2.  The  core 
sizes  afWHM  are  -303  pm  and  -181  pm,  and  the  halos 
contain  -14%  and  -54%  of  the  total  charge  in  the  x  andy 
direction,  respectively.  These  results  show  both  focusing 
of  the  beam  by  a  factor  -2  In  the  x  direction,  and  the 
formation  of  a  significant  halo  in  the  y-direction. 
Complete  results  showing  the  focusing  of  the  positron 
beam  and  the  size  of  the  beam  halo  as  a  fimction  of  the 
plasma  density  will  be  published  later.  Preliminary  results 
indicate  that,  at  the  OTR  screen  location,  a  reduction  in 
beam  core  size  by  a  factor  of  three  or  more  is  observed.  In 
the  electron  beam  case,  oscillation  of  the  beam  size  as  a 
function  of  were  observed  [7],  reflecting  the  betatron 
oscillation  of  the  beam  envelope  along  the  plasma  length. 
However,  in  the  case  of  a  positron  beam  no  such  size 
oscillation  is  observed.  In  the  blow-out  regime  reached 
with  electrons,  the  pure  ion  column  focusing  force  is 
linear  with  radius  (Eq.  1)  and  constant  along  the  bunch, 
therefore  allowing  for  the  preservation  of  the  emittance  of 
the  beam  charge  reaching  the  blow-out.  This  emittance 
preservation  is  very  important  for  future  PWFA,  in  which 
a  driver  bunch  with  nb>ne  will  drive  the  wake,  loose 
energy,  and  experience  a  significant  emittance  growth, 
while  the  witness  bunch  trailing  the  driver  bunch  will  gain 
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energy,  and  preserve  its  emittance.  The  study  of  emittance 
preservation  for  electron  and  positron  beams  in  the  PWFA 
will  be  the  subject  of  a  fixture  publication. 
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Figxire  4:  The  x  beam  profiles  (red  line)  fi-om  the  beam  on 
Fig.  2  with  plasma  off,  and  its  fits:  Gaussian  (blue  line), 
and  bi-triangular  core.(puiple  dotted  lines)  and  halo 
(green  dashed  lines). 
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Figure  5:  The  x  (top)  andy  (bottom)  beam  profiles  (red 
lines)  firom  the  beam  on  Fig.  2,  and  their  fits:  Gaussian 
(blue  Une),  and  bi-triangular  core.(purple  dotted  lines)  and 
halo  (green  dashed  lines).  The  halo  is  larger  in  the  y- 
profile. 


CONCLUSIONS 

The  focusing  of  electron  and  positron  beams  a  distance 
of  -1  m  downstream  firom  a  1.4  m-long  plasma  has  bee 
observed  experimentally.  The  incoming  Gaussian  bunch 
(in  the  transverse  dimension)  is  focused  to  a  Gaussian 
shape  in  the  case  of  an  electron  bxxnch.  In  the  case  of  a 
positrons  beam,  the  bunch  is  focused  to  a  tight  core 
surrounded  by  a  charge  halo.  The  focused  beam  profiles 
are  accurately  described  by  a  bi-triangular  distribution  for 
the  bxmch  core  and  halo.  Tlie  beam  core  size  as  well  as  the 
relative  amoxmt  of  charge  contained  in  the  halo  are 
derived  firom  the  fitting  parameters. 
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VORPAL:  A  COMPUTATIONAL  TOOL  FOR  THE  STUDY  OF  ADVANCED 

ACCELERATOR  CONCEPTS 


C.  Nieter*  and  J.R.  Cary,  University  of  Colorado  at  Boulder,  Boulder,  CO  80309,  USA 
Abstract 


VORPAL,  a  fully  object-oriented,  dimension-free 
plasma  simulation  code,  now  has  matured  and  is  being  used 
to  study  advanced  accelerator  concepts,  particularly  Laser 
Wake  Field  Acceleration.  Both  fluid  and  PIC  models  ex¬ 
ist  in  the  code  and  they  can  be  used  independently  or  in 
conjunction  to  perform  hybrid  simulations.  VORPAL  has  a 
moving  window  and  the  ability  to  launch  laser  pulses  from 
boundaries  or  initialize  pulses  in  the  plasma.  VORPAL 
can  accommodate  a  variety  of  different  issues  in  LWFA, 
including  chirped  pulses,  propagation  of  pulse  in  plasma 
channels,  and  optical  injection  of  particle  beams. 

THE  VORPAL  FRAMEWORK 

The  VORPAL  code  framework  make  strong  use  of  object 
oriented  design  to  provide  a  variety  of  features  included  the 
ability  to  set  the  dimension  of  the  simulation  at  run  time,  a 
general  domain  decomposition,  and  the  the  availability  of 
multiple  models  for  both  the  electromagnetic  fields  and  the 
plasma.  A  full  description  of  the  code  and  the  methods 
used  in  its  development  can  be  found  in  reference  [1]. 

Multi-Dimensional 

By  templating  most  of  the  classes  in  the  VORPAL  li¬ 
braries  over  dimension  and  floattype  we  are  able  to  support 
simulations  of  one,  two,  and  three  dimensions  and  of  either 
float  or  double  precision  with  one  code  base.  One  of  the 
principal  challenges  in  writing  a  multi-dimensional  code  is 
the  field  updates.  Normally  the  fields  would  be  stored  as 
multi-dimensional  arrays  and  the  updates  would  be  done 
with  nested  loops.  This  can  not  be  done  for  an  arbitrary  di¬ 
mensional  code  since  the  dimension  and  hence  the  number 
of  nested  loops  is  not  known  at  the  outset. 

To  solve  the  problem  of  field  updates,  a  combination  of 
recursion  and  template  meta-programming  is  used.  The 
field  data  is  stored  internally  in  a  one  dimensional  array. 
A  generalization  of  an  iterator  is  used  which  understands 
how  the  one  dimensional  index  of  the  field  data  relates  to 
the  corresponding  position  in  the  multi-dimensional  grid. 
These  iterators  have  methods  to  bump  their  position  on 
the  grid  in  any  direction.  Updater  classes  are  then  created 
which  consist  of  a  collection  of  iterators,  usually  represent¬ 
ing  a  stencil  for  a  finite  diiference  approximation  of  the 
relevant  differential  equation.  These  updater  classes  have  a 
updateCellO  method  which  updates  the  field  at  that  point. 
These  updater  classes  are  then  “walked”  across  the  grid  by 
what  are  referred  to  as  walker  classes.  The  walker  classes 
are  templated  over  dimension  and  they  call  the  next  lowest 
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dimension  recursively.  The  walker  class  for  the  lowest  di¬ 
mension  is  then  specialized  to  actually  call  the  updateCell( ) 
method  of  the  updater  class. 

Domain  Decomposition 

VORPAL  is  designed  to  run  as  both  a  serial  code  on 
stand  alone  workstations  and  as  a  parallel  code  on  systems 
that  run  MPI.  As  part  of  our  general  philosophy  of  flexi¬ 
bility,  we  have  developed  a  general  three  dimensional  do¬ 
main  decomposition  for  VORPAL.  Any  decomposition  that 
can  be  constructed  from  a  collection  of  bricks  is  possible. 
With  this  general  domain  decomposition  static  load  balanc¬ 
ing  can  be  and  dynamic  load  balancing  is  in  the  final  stages 
of  development.  To  minimize  overhead,  VORPAL  overlaps 
communication  with  computation  as  much  as  possible. 

To  achieve  this  general  domain  decomposition,  we  use 
the  idea  of  a  slab.  A  slab  is  an  object  whose  sides  are 
straight  lines  and  whose  comers  are  all  right  angles.  So 
in  one  dimension  a  slab  is  a  straight  line,  in  two  dimen¬ 
sions  a  slab  is  a  rectangle  and  in  three  dimensions  a  slab 
is  a  brick.  The  intersection  of  any  two  slabs  of  the  same 
dimension  is  another  slab.  Each  domain  is  described  by 
two  slabs,  one  which  is  referred  to  as  the  physical  region 
is  all  the  cells  for  which  the  processor  is  responsible  for 
updating.  The  other,  which  is  referred  to  as  the  extended 
region  is  the  physical  region  plus  one  layer  of  guard  cells 
in  each  direction.  The  cells  that  a  domain  needs  to  send  to 
a  neighboring  processor  is  simply  the  slab  that  is  the  inter¬ 
section  of  the  sending  processors  physical  region  with  the 
receiving  processors  extended  region. 


This  general  domain  decomposition  allows  for  full  load 
balancing.  In  Fig.  1  we  see  a  standard  2D  decomposition 
of  a  3D  cubic  region.  This  decomposition  is  determined  by 
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the  two  planes  that  cut  across  the  region.  To  balance  the 
load  between  the  three  different  domains,  the  relative  times 
between  the  first  domain  and  the  remaining  three  must  be 
balanced.  This  requires  three  degrees  of  freedom  but  the 
position  of  the  two  planes  only  provide  two.  In  Fig.  2  a 
more  general  decomposition  that  is  possible  using  VOR- 
PAL  has  three  movable  planes  providing  the  required  num¬ 
ber  of  degrees  of  freedom  for  load  balancing  to  be  done. 


Available  Models 

VORPAL  flexible  object  oriented  framework  makes  it 
possible  to  have  multiple  models  for  both  the  electromag¬ 
netic  fields  and  the  plasma  in  the  same  code.  By  interacting 
with  the  rest  of  the  code  through  standard  interfaces,  differ¬ 
ent  models  can  be  used  depending  on  the  relevant  physics 
being  studied.  Hybrid  simulations  can  be  done  by  using 
multiple  models  to  represent  different  regions  of  the  plasma 
or  different  species. 

VORPAL  has  a  finite  difference  finite  time  domain 
Maxwell  solver  for  the  electromagnetic  fields  based  off  the 
Yee  mesh.  Externally  applied  fields  can  be  modeled  using 
classes  that  produced  profiles  that  varying  in  time  or  space 
according  to  some  functional  description.  The  Yee  field  can 
be  combined  with  any  number  of  externally  applied  fields. 
An  electrostatic  solver  is  currently  under  development. 

The  plasma  particles  can  currently  be  modeled  with  ei¬ 
ther  a  cold  fluid  model  or  a  particle-in-cell  (PIC)  model. 
The  cold  fluid  model  directly  advects  the  fluid  velocity 
rather  than  using  flux  transport  to  find  the  fluid  momentum. 
This  allows  for  regions  of  zero  plasma  density.  The  PIC 
model  uses  policy  classes  to  provide  for  a  variety  of  dif¬ 
ferent  particle  dynamics,  including  a  full  relativistic  Boris 
push,  a  non-relativistic  electrostatic  push,  and  free  stream¬ 
ing  particles. 

APPLICATIONS  TO  LWFA 

Several  different  features  have  been  incorporated  into 
VORPAL  to  make  a  useful  tool  in  the  study  of  Laser  Wake 


Field  Acceleration  (LWFA)  [4].  The  laser  wake  field  accel¬ 
eration  concept  involve  sending  a  high  intensity  short  laser 
pulse  into  a  plasma.  The  pondermotive  force  from  the  laser 
pulse  blows  out  the  plasma  electrons  creating  a  charge  sep¬ 
aration  in  the  plasma.  The  electrons  are  pulled  back  by  the 
ions  and  a  plasma  oscillation  is  created.  This  produces  a 
wake  field  behind  the  laser  pulse.  These  wake  fields  can 
generate  field  gradients  on  the  of  100  GeV/m. 

To  study  the  propagation  of  the  laser  pulse  and  the  gen¬ 
erated  wake  field,  the  simulation  region  would  have  to  be 
long  enough  to  follow  the  pulse  as  it  propagates  through  the 
plasma.  This  can  become  very  expense  computationally 
depending  on  long  the  pulse  must  be  followed.  However, 
the  interesting  physics  occurs  only  in  the  region  around  the 
laser  pulse  itself.  Therefore  by  including  a  moving  win¬ 
dow  [2]  [3]  into  VORPAL  we  can  achieve  considerable  sav¬ 
ing  in  compute  time. 

Since  the  various  optical  injection  schemes  that  have 
been  proposed  required  one  or  more  pulses  besides  the 
pump  pulse  that  generates  the  wake  field,  VORPAL  has 
pulse  launching  boundaries  that  can  launch  multiple  pulses 
of  various  polarizations  and  chirp  from  multiple  bound¬ 
aries.  Plasma  channels  are  one  method  of  keeping  the  laser 
pulse  collimated  beyond  the  Rayleigh  length  in  LWFA. 
VORPAL  has  the  capacity  to  initialize  a  variety  of  plasma 
channels  to  study  there  effects  on  LWFA. 

HYBRID  SIMULATIONS 

The  LWFA  is  an  example  of  a  situation  where  a  hybrid 
PIC/fluid  simulation  would  be  useful,  since  the  beam  and 
the  plasma  oscillations  that  generate  the  accelerating  wake 
field  are  in  some  sense  separate  entities.  The  beam  itself 
is  best  modeled  by  a  collection  of  macro-particles,  but  by 
modeling  the  wake  field  with  a  fluid  one  can  avoid  the  noise 
that  is  associated  with  modeling  the  bulk  plasma  with  PIC 
and  reduce  the  computational  requirements  of  the  simula¬ 
tion. 

In  the  beat-wave  (or  colliding-pulse)  injection  scheme 
[5]  for  Laser  Wake  Field  Acceleration  (LWFA),  three  laser 
pulses  are  fired  into  the  plasma.  The  first  pulse,  referred  to 
as  the  pump  pulse,  is  responsible  for  generating  the  wake 
field.  The  remaining  two  pulses  are  used  to  kick  particles 
up  to  an  energy  that  that  puts  them  traveling  in  phase  with 
the  wake  field  for  subsequent  acceleration.  This  injection 
works  by  firing  two  counter  propagating  pulses  with  polar¬ 
ization  perpendicular  to  the  pump  pulse.  One  pulse  trails 
the  pump  pulse  at  a  distance  that  puts  it  in  the  accelerat¬ 
ing  region  of  the  wake  field.  The  second  injection  pulse  is 
launched  from  the  other  side  of  the  plasma.  Since  injec¬ 
tion  pulses  have  a  polarization  perpendicular  to  the  pump 
pulse,  the  second  injection  pulse  passes  through  the  pump 
pulse  with  minimal  nonlinear  interaction  due  to  the  plasma. 
When  it  reaches  the  other  injection  pulse  the  two  pulses 
beat.  This  generates  a  short  lived  large  electric  field  and  a 
beat  potential  that  inject  the  beam  particles  into  the  wake 
field. 
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To  perform  a  hybrid  simulation  of  this  situation  we 
model  the  front  of  the  plasma  with  a  collection  of  particles 
long  enough  that  injection  occurs  with  this  region.  Past  this 
region  the  plasma  is  then  modeled  by  a  fluid.  After  injec¬ 
tion  the  beam  particles  are  traveling  near  the  speed  of  light 
so  they  will  remain  in  the  simulation  after  the  moving  win¬ 
dow  is  active.  The  remaining  particles  will  leave  the  sim¬ 
ulation  as  the  window  shifts  the  plasma,  moving  the  wake 
field  into  the  region  where  it  will  be  modeled  by  the  fluid. 
Although  initially  the  computational  cost  of  such  a  hybrid 
simulation  is  greater  than  a  simple  PIC  simulation,  once  the 
moving  window  moves  the  bulk  of  the  particles  out  of  the 
simulation,  only  the  beam  particles  are  being  updated.  So 
the  hybrid  simulation  reduces  computational  cost  for  long 
runs  and  reduces  the  noise  in  the  simulation  since  the  bulk 
of  the  plasma  is  being  modeled  by  a  fluid. 

A  simple  hybrid  simulation  shows  that  VORPAL’s  abil¬ 
ity  to  use  multiple  models  to  represent  the  plasma  gives 
it  the  capacity  to  perform  these  hybrid  simulations.  The 
pump  pulse  and  the  right  traveling  colliding  pulse  are 
launched  into  vacuum  from  the  left  boundary  in  what  we 
refer  to  here  after  as  the  x-direction  and  the  right  traveling 
pulse  is  created  adiabatically  within  the  plasma.  All  the 
pulses  have  a  half  cosine  profile  in  the  direction  of  propa¬ 
gation  and  are  Gaussian  in  the  transverse  direction. 


Figure  3:  The  initial  distribution  of  particle  and  fluid  den¬ 
sities  used  for  a  hybrid  LWFA  simulation.  The  dashed  line 
is  the  density  profile  of  the  particles  and  the  solid  line  is  the 
density  distribution  for  the  fluid. 

We  take  the  rms  length  of  the  pump  pulse,  Lp  to  be  half 
the  plasma  wavelength  and  the  lengths  of  the  two  colliding 
pulses  to  be  half  a  plasma  wavelength.  The  wavelength 
of  the  two  colliding  pulses  are  slight  detuned  so  they  will 
beat.  The  forward  moving  pulse  trails  the  pump  by  55  fim 
measured  center  to  center.  This  ensures  that  injection  will 
occur  at  an  accelerating  and  focusing  region  in  the  wake 
field.  Fig.  3  shows  the  initial  plasma  density  distribution. 
The  plasma  starts  at  zero  and  rises  as  a  half  cosine  to  the 
bulk  density  over  80  /xm.  The  plasma  is  represented  by 
particles  for  the  next  100  /xm  so  the  injection  pulses  collide 
in  within  particles..  At  this  we  have  transition  region  of  20 
fim  where  the  particle  density  drops  as  the  fluid  density 
rises.  After  we  have  a  constant  fluid  density. 


In  Fig.  4  we  see  the  x-component  of  the  relativistic  ve¬ 
locity  (jv)  of  the  particles  plotted  against  their  x  positions. 
A  beam  has  clearly  been  formed  and  accelerated  to  an  en¬ 
ergy  of  approximately  14  MeV  in  less  than  half  a  millime¬ 
ter.  At  this  point  in  the  simulation  the  initial  particle  region 
has  been  moved  out  of  the  simulation  by  the  moving  win¬ 
dow,  and  only  the  particles  traveling  near  the  speed  of  light 
are  present. 


Figure  4:  The  relativistic  velocity  in  the  x-direction  of  the 
particles  for  the  hybrid  colliding  pulse  simulation  plotted 
in  the  x-direction. 

While  such  hybrid  simulations  are  possible,  we  have 
found  that  they  do  not  yet  work  well  for  highly  asymmet¬ 
ric  cells,  as  are  required  for  laser  pulses  containing  a  large 
number  of  wavelengths.  Asymmetric  cells  are  known  to 
be  problematic  in  fluid  numerics.  Thus,  the  use  of  hybrid 
simulations  for  extreme  cases  appears  to  require  algorithm 
development. 

CONCLUSIONS 

VORPAL  is  well  suited  as  a  computational  code  for 
studying  LWFA.  It  has  several  features  specificly  devel¬ 
oped  with  this  problem  in  mind  and  due  to  its  highly  object 
oriented  design  it  can  change  to  accomodate  new  directions 
in  research.  A  hybrid  simulation  of  the  colliding  pulse  in¬ 
jection  scheme  highlights  some  of  ways  that  VORPAL  can 
used  to  study  LWFA. 
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Abstract 

The  concept  of  optical  injection  of  plasma  background 
electrons  into  resonantly  driven  laser  wakefields  has  been 
extensively  studied  theoretically  [1],  It  was  shown  that 
when  a  strong  1-D  wakefield  is  ponderomotively  excited 
by  an  ultra-short  laser  pulse  comparable  in  duration  to  the 
plasma  wave  and  a  similar  transverse  laser  pulse,  but 
otherwise  tightly  focused  onto  the  wakefield,  is 
introduced,  a  relativistic  electron  bunch  with  a  very 
narrow  (a  few  %)  energy  distribution,  and  very  short 
duration  (lO's  fs)  is  produced.  This  concept  is  actively 
being  investigated  experimentally  using  the  University  of 
Michigan's  Hercules  laser  system.  We  report  our  progress 
toward  experimentally  realizing  this  concept. 

1  INTRODUCTION 

Plasma-based  laser  wakefield  accelerators  (PBLWFA) 
have  exhibited  superiority  over  conventional  RF-based 
accelerators  primarily  due  to  their  high  field  gradients  and 
compactness.  Despite  the  wide  array  of  applications 
(PBLWFA)  have  spurred  [2][3],  they  continue  to  fall  short 
of  meeting  some  modem  demanding  application.  There 
are  two  major  shortcomings  of  (PBLWFA)  realized  so  far; 
first,  their  acceleration  schemes  depend  on  plasma 
instabilities  like  Raman  scattering  [4].  Second,  the 
electron  bunches  produced  have  undesirably  large 
longitudinal  emittance.  To  mitigate  these  shortcomings,  a 
number  of  schemes  were  proposed  [5-10],  some  of  which 
are  being  experimentally  investigated  [11],  and  some  have 
reported  promising  results  [12-14].  The  general  principle 
of  these  schemes  suggests  that  a  short,  intense  laser  pulse, 
called  pump,  with  duration  comparable  to  the  plasma 
wave  period  can  resonantly  excite  a  wakefield  in  the 
plasma.  The  short  duration  of  the  pump  pulse  makes  the 
excited  plasma  wave  resilient  to  laser-plasma  instabilities 
that  require  several  plasma  periods  to  grow.  This  process 
merely  generates  an  accelerating  structure  but  does  not 
load  the  plasma  wave  with  particles.  This  is  so  because 
the  electrons  carrying  the  plasma  wave  oscillate  in  a 
certain  phase  that  results  in  null  net  motion.  In  order  to 
load  the  plasma  wave  with  electrons,  either  external  or 
internal  injection  is  required.  The  scheme  we 
experimentally  pursue  [1],  LILAC  (Laser  Injected  Laser 
Accelerator),  utilizes  internal  injection  by  means  of 
another  equally  short  intense  laser  pulse,  called  injection 
pulse,  synchronized  with  the  pump.  The  femtosecond 
synchronization  required  has  been  demonstrated  in 
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numerous  recent  pump-probe  experiments  using  ultrafast 
lasers.  This  injection  method  eliminates  the  jitter 
problems  encountered  frequently  in  RF-accelerators.  The 
injection  of  the  electrons  occurs  over  a  duration  of  a 
single  plasma  period  and  is  achieved  by  the 
ponderomotive  or  ionization  “kick”  of  the  injection  pulse 
which  causes  the  oscillating  electrons  to  be  dephased 
from  the  plasma  wave  and  become  trapped  then 
accelerated  by  the  excited  wakefield, 

2  EXPERIMENTAL  SETUP  AND 
PROCEDURE 

2. 1  Laser  System 

The  experiment  we  describe  will  use  the  University  of 
Michigan  HERCULES  laser  system  at  the  FOCUS  center 
[15].  It  is  a  100-TW  class,  Ti:Sa  CPA-based  laser  system, 
whose  output  wavelength  is  centered  at  A.  =  810  nm.  The 
12  fs  seed  pulse  coming  out  of  the  system  main  oscillator 
is  contrast-enhanced,  stretched  then  injected  in  to  a  novel 
large-ring-cavity  regenerative  amplifier  [16].  Two 
downstream  amplification  stages  increase  the  final  power 
to  a  nominal  level  of  100  TW  when  parasitic  transverse 
lasing  in  the  amplifiers  is  subdued.  The  final  amplified 
beam  is  split  by  a  50:50  beam-splitter  before  compression, 
each  beam  is  sent  to  a  different  compressor.  This  allows 
for  controlling  the  pulse  durations  independently.  The 
final  beam  diameter  is  50  mm,  and  polarized  upward, 
making  all  horizontal  transport  mirrors  in  S-polarization 
configuration  suitable  for  the  high-damage-threshold, 
broad-band  dielectric  mirrors  used  in  the  compressors  and 
experiment,  and  also  makes  possible  producing 
interference  fringes  to  study  interesting  physical 
phenomena  like  stochastic  heating  [13]. 

2. 2  Experimental  Setup 

The  experimental  setup  is  illustrated  in  Fig.  1.  After  the 
beam  is  split,  the  primary  compressor  houses  the  pump 
pulse,  while  the  secondary  compressor  houses  the 
injection  pulse.  The  experiment  layout  has  been  designed 
so  that  the  pulses  overlap  with  zero  delay  in  the  1  mm  He 
gas  jet  target  inside  the  experimental  chamber.  The  pump 
pulse  is  focused  onto  the  gas  target  by  an  frlO  15°-o:ff  axis 
gold-coated  parabolic  mirror,  this  provides  a  good 
approximation  to  the  1-D  focusing  geometry  desired.  The 
injection  pulse  is  focused  tightly  by  an  fr3  90°-off  axis 
parabolic  mirror.  The  injection  parabolic  mirror  is 
mounted  on  a  micron-precision  3-D  translation  stage  that 
permits  fine  tuning  of  the  spatial  overlap  of  the  two 
pulses.  The  gas  target  density  can  be  varied  up  to  5x10^^ 
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electrons/cm^  by  changing  the  backing  pressure  of  the 
solenoid-activated  supersonic  nozzle  assembly.  The 
produced  e’  beam  is  diagnosed  by  an  integrating  coil 
transformer  for  the  charge  measurement,  and  a  Kodak 
LANEX  scintillating  screen  for  transverse  spatial  profile 
and  the  emittance  measurement  (using  the  pepper  pot 
technique  [17]),  this  screen  is  imaged  with  a  12-bit  CCD 
camera.  The  spatio-temporal  overlap  of  the  two  pulses  is 
monitored  from  the  top  through  the  observation  of  the 
Thomson  scattering  of  the  fundamental  laser  wavelength. 
The  e‘  beam  momentum  is  measured  by  inserting  a  dipole 
sector  magnet  between  the  source  (nozzle)  and  the 
scintillating  screen,  and  imaging  the  dispersed  trace  of  the 
e’  beam. 

2.5  Experimental  Procedure 

In  order  to  determine  the  proper  point  of  injection  in  the 
phase  space,  the  parameter  space  of  the  experiment  should 


be  set  at  the  threshold  of  the  pump  beam  self-trapping, 
where  the  dark  current  (the  electron  signal  from  the  pump 
alone  before  injection)  diminishes.  This  should  occur 
close  to  the  resonant  regime,  tw  --  2n  /  cOpiasma-  A  target 
density  scan  will  be  performed  to  achieve  that.  At  the 
optimum  injection  point,  the  injection  beam  is  turned  on 
and  further  fine-tuning  of  the  beams  overlap  is  performed 
if  needed.  The  effect  of  injection  beam  on  pump  e'  is  then 
studied. 

3  PRELIMINARY  RESULTS 

A  preliminary  run  with  only  one  beam  was  taken  at  10 
TW  and  peak  intensity  in  excess  of  10^^  W/cm^.  Fig.  2. 
shows  the  electron  beam  profile  measured  with  the  laser 
pulse  off-resonance  at  rw  «  2.5  Tpiasma  •  The  electron 
beam  measured  has  a  superior  divergence  solid  angle  of 
about  15  pSr,  (--'  0.25°).  To  our  knowledge  is  the  smallest 
divergence  angle  achieved  with  laser  accelerators  to  date. 
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Fig.  3  shows  the  target  density  scan  up  to  the  density 
corresponding  to  a  few  plasma  periods.  Full 
characterization  of  the  electron  beam  from  the  pump  alone 
is  actively  underway. 

4  CONCLUSION  AND  FUTURE  WORK 

We  have  developed  a  100  TW  class  CPA  laser  system  and 
setup  the  LILAC  experiment  including  successfully 
overlapping  two  laser  pulses  to  within  30  fs  and  a  few 
microns.  Preliminary  data  of  the  one  beam  alone  show 
that  the  dark  current  diminishes  close  to  the  resonance 
regime,  while  offrresonance  an  electron  beam  with 
superior  divergence  is  obtained.  Further  characterization 
of  the  electron  beam  before  injection  is  underway.  The 
laser  power  level  is  being  maximized  by  further  subduing 
the  parasitic  transverse  lasing  in  the  amplifier  media.  The 
effect  of  the  injection  beam  on  the  pump  electron  beam 
will  be  studied  in  the  immediate  fixture.  Full 
characterization  of  the  electron  beam  obtained  with 
optical  injection  will  be  performed  and  compared  to 
theory  and  simulation. 
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Figure  2:  Lineout  of  the  e‘  beam  produced  by  the 
one  laser  beam  off-resonance.  Inset  is  the 
corresponding  LANEX  image. 
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Figure  3:  e'  beam  yield  from  the  pump  alone  vs  target 
density  measured  in  plasma  periods. 
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Abstract 

Results  are  reported  from  experiments,  and  numerical 
analysis  of  wake  fields  set  up  by  electron  bunches  passing 
through  a  cylindrical  dielectric  liner  made  of  alumina. 
The  bunches  excite  many  TM-  modes,  and  the  Ez 
component  of  wake  field  is  sharply  localized  on  the  axis 
periodically  behind  the  bunches.  The  experiment  is  at 
ATF  Brookhaven,  and  uses  up  to  three  50  MeV  bunches 
spaced  by  one  wake  field  period  {21  cm)  to  study  the 
superposition  of  wake  fields  by  measuring  the  energy  loss 
of  each  bunch  after  it  passes  through  the  53-cm  long 
dielectric  element.  The  millimeter-wave  spectrum  of 
radiation  excited  by  the  passage  of  bunches  is  of  interest 
too.  The  numerical  analysis  was  aimed  not  only  to 
simulate  the  behaviour  of  our  device,  but  in  general  to 
predict  dielectric  wake  field  accelerator  (DWA) 
parameters.  It  is  shown  that  one  needs  to  match  the  radius 
of  dielectric  channel  with  the  bunch  longitudinal  rms- 
length  to  achieve  optimal  performance. 

INTRODUCTION 

In  a  dielectric  wake  field  accelerator,  a  dielectric  loaded 
waveguide  supports  wake  fields  radiated  by  the  passage 
of  an  electron  bunch  (e-bunch),  which  travels  at  a  speed 
exceeding  that  of  light  in  the  structure.  Our  studies  here 
relate  to  a  cylindrical  structure,  consisting  of  a  thick 
cylindrical  shell  of  alumina  (high  dielectric  constant  k  -- 
9.6)  having  a  small  bore  hole  (radius  A  =  1.5  mm)  and  an 
outer  radius  {R  =  L9  cm),  all  contained  within  a  close- 
fitting  conducting  cylinder,  which  serves  as  a  vacuum 
wall.  The  waveguide  dimensions  and  dispersion  free 
dielectric  with  large  k  will  favour  the  coherent 
superposition  of  many  waveguide  modes  [1,2,3],  In  this, 
we  describe  a  multi-bunch  experiment,  with  the  purpose 
to  measure  the  energy  loss  of  a  short  drive  bunch  train. 
Very  short  bunches  will  be  employed  to  favour  wake 
fields  of  high  amplitude,  also  shown  by  micrometer  scale 
rectangular  structures  excited  by  fsec  driving  bunches 
[4,5]. 

A  variety  of  numerical  studies  having  to  do  with  DWA 
performance  is  presented.  We  assume  that  the  wake  fields 
interact  with  Gaussian-  shaped  bunches  (commonly 
produced  by  RF-  guns)  with  the  head-  half  width  Oi,  tail 
half-  width  a2,  and  negligible  (mostly)  transversal 
features.  If  not  specified  otherwise,  a:=9.65,  A  =  7.5  mm, 
R=  1.931  cm,  C7j  =  1  ps,  a2  =  2.5  ps,  initial  energy  =  50 
MeV. 


NUMERICAL  STUDIES 

Many  recently  conducted  theoretical  studies  consider 
only  the  interaction  between  wake  fields  and  infinitely 
thin  electron  bunches,  but  only  by  taking  into  account  the 
real  longitudinal  features  of  an  electron  beam,  can  one 
predict  the  efficiency,  energy  spread,  and  acting 
accelerating  gradient  on  a  test  bunch,  which  comes  after 
the  train  of  N  driving  bunches.  Describing  the  wake  fields 
inside  of  a  circular  waveguide  through  the  decomposition 
into  the  normal  eigen-modes  [3],  and  advancing  this 
approach  toward  computation  of  the  energy  exchange 
between  electron  bunches  and  the  electromagnetic  fields 
one  finds  that  the  power  radiated  by  a  train  of  e-bunches 
is: 


p_  QI  ' 

1671 -s^^A^  „ 


-(Zj  -Zj)V 

P-^  )) 


where  Qo  -  reference  charge;  qi  ~Q/Qo  with  Qi  -  charge 
of  i*  bunch;  -  eigen  frequencies  of  the  structure; 


with  fm  -  eigen  functions,  am  -  normalization  coefficients, 
and  axe  given  by: 


Every  bunch  is  located  along  the  z-  axis  at  z,;  moves  at  the 
speed  of  p-c,  and  has  the  same  shape,  but  different  charge. 

Deploying  this  expression  for  the  case  where  the  first 
N-  bunches,  spaced  at  Zi=L{l-i),  pump  energy  into  the 
wake,  and  the  very  last  bunch,  located  at  zf=L-(l-N-l/2) 
is  accelerated,  one  derives  the  expressions  for  the  set  of 
parameters  which  should  be  used  to  describe  a  wake  field 
apparatus  as  an  accelerator  device  {L  -  wake  field 
period): 

•  enhancement  of  the  wake  field  due  to  its 
amplification  by  the  train  of  N  bunches: 


pc  J  m 


structural  ratio  (we  are  introducing  now  as) 


Zp=-  X^-»-I]cos(- 


-LiN-i  +  l/l). 
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I  N  41 

Niunber  of  bunches  in  the  driving  train 

a)  maximum  possible  accelerating  gradient  acting  on 
a  test  bunch  (given  per  [nC]  of  a  driving  bunch);  the 
upper  (E3n)  curve  corresponds  to  the  narrow  bunch  + 
small  channel  radius  in  the  dielectric  slab 
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Number  of  bunches  in  the  driving  train 

b)  maximum  possible  efficiency  of  energy  transfer 
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Number  of  bunches  in  the  driving  train 


efficiency  of  energy  transfer  from  the  N-  bunch 
train  to  a  test  bunch  of  charge  Qj-q^^ 

'^■■qT-Xp-ql 

Tj- - - - 

with  its  maximum  value  of 


acceleration  gradient  acting  on  the  test  bunch: 

rr  _  2o  U  \ 


16';r-^o 


customarily  used  transformer  ratio  [2]  is  expressed 


—  2  •  Tjj^ 

Xp 

One  sees  that  maximum  efficiency  occurs  when  a  test 
charge  equals  ,  while  the  accelerating  gradient  drops 

down  by  2  times  from  its  possible  maximum.  Only  a  test 
charge  less  than  2-  can  experience  acceleration. 

Fig.  1  gives  examples  of  performances  for  several 
cases.  The  maximum  gradient  of  256  MV/m  will  be 
achieved  after  20  narrow  driving  bunches  each  with 
charge  Qo  ~  A  r\C  (see  the  #3  case.)  One  can  increase 
significantly  the  accelerating  gradient  by  reducing  the 
channel  radius  in  a  dielectric  only  if  it  is  accompanied  by 
bunch  shortening.  The  reason  for  this  is  that  both  the 
wake  field  peak  where  acceleration/  deceleration  occurs 
and  an  e-bunch  are  features  of  almost  the  same 
longitudinal  dimensions.  When  one  reduces  the  channel 
radius  the  wake  field  can  become  narrower  than  the 
bunch,  which  leads  to  reduction  of  all  performances  (see 
the  case  #2  in  Fig.  1,  b),  c),  d).  Fig.  2  demonstrates  that 
when  mismatching  between  the  bimch  length  and  the 
channel  radius  happens,  almost  all  driving  bunches  (N>  4) 
cannot  lose  energy  above  some  limit. 


c)  enhancement  of  the  wake  field  due  to  its  coherent 
amplification  by  the  train  of  N  bunches 


1  N  »  41 

Number  of  bunches  in  the  driving  train 

d)  transformer  ratio 

Figure  1:  Parameters  of  DWA  are  shown  for  the  different 
bunch  length  and  dielectric  hole  radius  (ai,  a2.  A). 

#1  -  (1  ps,  2.5  ps,  1.5  mm)  -  solid,  marked  by  “X”, 

#2  -  (1  ps,  2.5  ps,  0.5  mm)  -  “dot”, 

#3  -  (0.33  ps,  0.83  ps,  0.5  mm)  -  “dash”,  marked  by  “+” 


Bunch  Number 


Figure  2:  Energy  lost  by  every  consecutive  driving  bimch 
for  different  (ai,  a2,  A): 

#1  -  ( 1  ps,  2.5  ps,  1.5  mm)  -  solid,  marked  by  “X”; 

#2  -  ( 1  ps,2.5  ps,  0.5  nun)  -  “dot” 

In  considering  narrowing  the  driving  bunches  to 
improve  performance,  one  should  keep  in  mind  that 
excessive  narrowing  may  lead  to  an  increment  in  the  test 
bunch  energy  spread  when  a  few  drive  bunches  are  used. 
The  only  reliable  way  to  prevent  it  is  to  narrow  the  test 
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bunch.  For  drive  (gi,  G2)  » (1  ps;  2.5ps),  and  test  (gi,  G2) 
« (0.3  ps;  0.8ps)  the  energy  spread  does  not  exceed  15  %. 

The  accuracy  of  bunch  spacing  (between  any  bunch  and 
the  reference  bunch)  must  be  better  than  425  pm  to  avoid 
any  performance  decrease  larger  than  15  %.  This  also 
means  that  our  model  is  valid  when  the  time  slippage  of  a 
bunch  is  within  this  range  after  interaction  with  the  wake 
field.  Thus,  the  DWA  length  must  not  exceed  some  limit, 
or,  equivalently  the  acceleration  gradient  should  be 
sufficiently  high. 

The  Tab.  1  shows  the  lowest  limit  on  gradient  ^lirnMn 
when  one  plans  to  have  gross  energy  losses/gain  of  W. 


Table  1 :  Lowest  gradient  vs.  planned  energy  gain/losses 
to  use  this  numerical  model 


W  [MeV] 

0.1 

1 

10 

50 

Eiim,„i„  [KV/m] 

0.05 

4.8 

375 

4600 

impinge  on  the  rf-  photocathode  gun  within  30®  of  the 
peaks  of  2.8  GHz  field  to  generate  the  compressed 
electron  bunches  that  are  suitable  for  the  excitation  of 
multiple  TM-  mode  wake  fields.  The  spacing  between 
drive  bunches  (equal  to  the  wake  field  period  L)  will  be 
adjusted  to  maximize  energy  losses  of  every  individual 
bunch.  Since  in  this  test  experiment  no  large  bunch  charge 
is  available,  the  energy  losses  can  be  comparable  with  the 
energy  jitter  of  the  diagnostic  apparatus,  and  a  technique 
is  being  developed  to  maintain  the  same  energy  over  a 
significant  period  of  time. 


SMA  probe 


Tungster  Block 
OD.  0.25'  ID 
2  crt  long 


Alunina  Tube 
1.5E'  no,  3nn  ID 
52,5  cn  long 
e  =9.65 


1  r 

^  f 

\  \ 

"  ■  i  1  1 

\  \ 

] 

J—  j-U 

Stainless  Steel  Tube 
1.75'  DD.  1.52'  ID 


For  the  structure  at  ATF-  BNL  with  the  drive  (gi,  G2) 
«(lps;  2.5  ps),  QO  «300  pC  the  decelerating/accelerating 
gradient  is  at  least  500  times  larger  than  the  limit.  The 
energy  losses  are:  1st  bunch  -  78;  2nd  -212;  and  3rd  - 
315  KeV.  The  maximum  accelerating  gradient  is  716 
KV/m  (after  N=  3  drive  bunches),  and  the  acting  gradient 
on  a  test  charge  of  150  pC  will  be  537  KV/m. 

Should  another  set  of  (gi,  G2,  Qo,  k.  A,  etc)  occur,  the 
model  allows  the  “quick-to-predict”  computation  of 
energy  losses/gains  and  any  other  relevant  parameters  (4, 
q,  Et,  etc) 

EXPERIMENTAL  STUDIES 

Oversize  alumina  castings  were  obtained  from  LSP 
Industrial  Ceramics  (Lambertville,  NJ).  Since  no  sample 
53  cm  in  length  had  the  straightness  of  bore  hole  that  was 
required,  it  was  decided  to  use  two  selected  shorter 
sections  smoothly  butted  together  and  fitted  into  a  metal- 
walled  cylindrical  vacuum  jacket  and  waveguide.  Initial 
measurements  of  the  spectrum  of  TMo^  modes  (after  a 
single  bunch)  were  made  on  a  slightly  oversized  sample 
[6],  which  was  then  ground  to  the  correct  dimension  (Fig. 
3)  for  this  experiment.  A  new  measurement  (Tab.  2)  of 
the  TMof^  frequencies  shows  that  the  wake  field  period  is 
21  cm. 

The  apparatus  is  installed  on  the  2”^  beamline  of  the 
ATF-  BNL,  which  was  redesigned  to  meet  the 
experimental  (Fig.  4)  requirements.  New  focusing  triplets 
were  introduced,  together  with  beam  profile  monitors 
(BPMs)  to  produce  the  small  e-beam  transverse  size  and  a 
suitable  alignment  to  pass  the  bunch  down  the  hole  in  the 
dielectric.  The  HeNe  laser-and-optical  system  was 
employed  to  check  the  alignment  on  every  assembling 
and  operational  step.  The  transport  dynamics  of  the 
redesigned  line  has  been  studied  intensely  to  insure 
matching  between  the  ATF  rf-  linac  and  the  apparatus. 

The  three  driving  bunches  are  obtained  by  splitting  an 
optical  pulse  into  three  precisely  delayed  pulses,  which 


Figure  3:  Apparatus  drawing  and  dimensions 


Table  2:  Spectrum  for  TMqi  -  TM06* 


M# 

1 

2 

3 

4 

5 

6 

Exp. 

2.04 

4.70 

7.45 

10.14 

12.99 

15.68 

Th. 

2.03 

4.72 

7.45 

10,21 

13.02 

15.83 

*  (frequencies  in  [GHz],  M#  -  mode  number,  Exp.  — 
experimental  data,  Th.  -  theoretical  prediction  ±  1% 
which  results  from  k  =P.65  +  1%,  R~  19.31  mm  ±0.3%, 
A—  1,5  mm  ±1%-R  (the  best  manufacturing  accuracy) 


Figure  4:  DWA  experiment  at  ATF 
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Abstract 

Analysis  is  presented  for  a  multicavity  proton  cyclotron 
accelerator  in  which  a  122  mA,  1  MeV  proton  beam  is 
accelerated  to  954  MeV  using  a  cascade  of  eight  cavities 
in  an  8.1  T  magnetic  field,  with  effects  of  finite  beam 
radius  and  velocity  and  energy  spreads  taken  into  account. 
The  first  cavity  operates  at  120  MHz,  and  successive 
cavities  have  resonance  frequencies  lower  in  increments 
of  8  MHz.  For  this  example,  average  acceleration 
gradient  exceeds  37.9  MV/m,  average  effective  shunt 
impedance  is  207  MQ/m,  but  maximum  surface  field  in 
the  cavities  does  not  exceed  7.2  MV/m.  Such  an 
accelerator  might  be  suitable  for  driving  a  high-power 
neutron  spallation  source. 

INTRODUCTION 

Intense  proton  beams  are  needed  in  a  wide  variety  of 
applications  in  high-energy  physics,  including  production 
of  elementary  particles  such  as  kaons,  pions,  muons,  and 
neutrinos  [1].  A  10-30  GeV  proton  accelerator  with  mA- 
level  current  will  be  required  for  a  future  muon  collider 
[2].  0.5-2.5  GeV  high  intensity  proton  beams  could  also 
be  required  with  beam  powers  exceeding  100  MW  for 
neutron  production  by  spallation  for  several  critical 
applications,  such  as  accelerator  production  of  tritium  [3] 
and  accelerator-driven  transmutation  of  nuclear  waste  [4]; 
current  machines  operate  at  about  1  MW  [5]. 

The  multi-cavity  proton  cyclotron  (MCPC)  has  been 
proposed  and  analyzed  for  high-efficiency,  high-gradient 
acceleration  of  a  high-current  proton  beam  in  a  normal 
conducting  structure  [6-8].  It  has  been  shown  that  a 
proton  beam  can  be  accelerated  in  the  MCPC  from  1  MeV 
to  ~1  GeV  with  more  than  100  MW  beam  power  [8].  The 
new  concept  is  based  on  use  of  a  cascade  of  rotating- 
mode  normal  conducting  TEm  cavities  in  a  strong  nearly- 
uniform  static  magnetic  field.  Cyclotron-resonance 
acceleration  in  each  cavity  provides  energy  gain  for  the 
protons.  The  cavity  resonance  frequencies  f„  decrease 
from  /i  for  the  first  cavity,  with  a  fixed  frequency  interval 
A/ between  each  of  the  N  cavities;  thus  ^=/i- («- 1)A/ 
and /i  =  /A^,  with  the  integer  / >  «,  and  \<n<N.  Proton 
pulses  are  injected  into  the  first  cavity  at  intervals 
AT  =  \//Sf  or  integer  multiples  thereof. 

Based  on  the  previous  study  [8],  an  example  is 
presented  below  with  the  effects  of  beam  spreads  in 
velocity,  energy,  and  radius  taken  into  account.  The 
effect  of  drift  tunnels  between  cavities  is  also  included 
and  the  phase  angle  of  injection  of  proton  beam  is 
optimized.  Simulations  show  that  a  122-mA,  1-MeV 
proton  beam  is  accelerated  to  954  MeV  using  a  cascade  of 
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eight  regular  TEm  cavities  in  an  8.1  T  magnetic  field  and 
the  performance  of  the  MCPC  is  not  so  significantly 
affected  by  these  effects  for  a  beam  with  reasonable 
spread  parameters.  It  is  also  found  that  this  acceleration 
mechanism  can  be  sustained  for  an  exceptionally  wide 
injection  phase  angle  in  the  first  cavity,  e.g.,  two  rf  cycles 
(16.7  ns),  compared  to  0.3  of  an  rf  cycle  (2.5  ns)  in  the 
previous  work  [8].  This  feature  is  highly  significant,  in 
that  it  allows  operation  with  high  duty  factor  (-13%)  and 
low  peak  proton  current  (<1  A),  thereby  mitigating  against 
issues  that  can  arise  from  high  beam  space  charge. 

In  addition,  the  effect  on  proton  dynamics  of  the 
apertures  and  drift  tunnels  for  a  beam  traversing  cavities 
is  also  examined  by  use  of  realistic  rf  fields  in  place  of 
analytic  field  forms  for  idealized  cavities. 

SIMULATION  ANALYSIS 

The  cascade  of  eight  TEm  cavities  in  the  MCPC 
example  has  a  frequency  separation  of  4/*=  8  MHz  and 
resonant  frequencies  of  120,  112...,  and  ^  MHz.  Thus 
15,  14...,  and  8  full  rf  cycles  pass  in  these  cavities, 
respectively,  between  proton  bunches  when  they  are 
injected  every  125  ns  (i.e.,  at  an  8  MHz  rate).  Average 
beam  current  is  chosen  to  be  122  mA,  injected  in  16.7 
nsec  bimches  (two  rf  cycles  in  the  first  cavity),  and  thus 
with  a  peak  current  of  0.915  A  (duty  factor  =  1/7.5);  the 
energy  of  the  injected  proton  beam  is  taken  to  be  1  MeV. 

In  simulations,  20-cm  drift  tunnels  between  cavities  are 
added  to  isolate  cavity  fields  from  one  another;  an 
injected  proton  beam  with  finite  spreads  in  energy, 
velocity  and  radius  is  introduced.  The  parameters  for  the 
spreads  are  chosen  by  reference  to  those  for  an  ideal  solid 
Brillouin  beam  of  radius  [m]  with  the  specified  peak 
current  /  [A]  in  the  specified  magnetic  field  ^^[T].  Here 
the  magnetic  field  5^  (7.9  T)  can  be  obtained  from  the 
gyro-resonant  condition  for  the  first  cavity,  and  the  beam 
radius  is  chosen  to  be  0.9  mm  from  Brillouin  beam 
condition,  given  by  rbBz  =  {240IUplYPc^y^,  where  Up  is 
the  particle  rest  energy  expressed  in  eV  (938.2x10^  eV  for 
proton),  Y  and  are  the  relativistic  energy  factor  and 
normalized  velocity  on  the  axis  for  the  beam,  and  c  is  the 
speed  of  light  in  m/s.  For  the  solid  Brillouin  beam,  the 
across-beam  voltage  depression  caused  by  space  charge  is 
given  by  30//)3,  and  it  is  0.6  kV  for  a  beam  with  energy  1 
MeV  and  peak  current  0.915  A.  The  beam  energy  spread 
is  chosen  to  be  1.2  keV  (=0.37  keV  in  rms  spread), 
double  the  above  beam  energy  depression.  The 
normalized  transverse  velocity  spread  can  be  estimated 
from  Aj3j_~(2Ay/<y>)^^^/<y>  (2Ay)^^  with  <y>  the 

average  energy  factor;  it  is  chosen  to  be  1.3x10’^, 
corresponding  to  rms  spread  6.5x10“"^.  According  to 
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30//)3[l+21n(i?H/'‘^>)]  where  Ry^  is  the  first  cavity  radius 
(92  cm),  the  full  voltage  depression  is  8.8  kV,  much  less 
than  the  beam  voltage  1  MV,  and  the  space  charge  effect 
on  particle  dynamics  is  negligible.  Beam  parameters  in 
simulations  are  listed  in  Table  1. 


Table  1 :  Proton  Beam  Parameters  in  Simulations 


initial  beam  energy 

1  MeV 

initial  beam  velocity 

0.0461c 

peak  beam  current  1 

0.915  A 

average  beam  current  <I> 

^0.122  A 

pulse  period 

125  nsec 

pulse  duration 

16.7  nsec 

duty  factor 

1/7.5  =  13.3% 

beam  radius 

0.9  mm 

beam  energy  spread 

1.2  keV 

rms  perpendicular  velocity  spread 

6.5xl0'''c 

Analytic  field  expressions  for  TEm  mode  [8]  are  used 
and  the  intrinsic  (ohmic)  quality  factors  Qq  for  the  cavities 
are  calculated  assuming  copper  construction.  Simulations 
show  that  the  peak  surface  electric  fields  range  from  3.9 
to  7.2  MV/m,  well  below  breakdown.  Specific  cavity 
parameters  and  mean  acceleration  energy  gains  for  each 
of  the  eight  stages  are  given  in  Table  2. 

Fig.  1  shows  the  dependence  of  average  energy  factor 
and  axial  magnetic  field  on  axial  distance.  The  magnetic 
field  traversing  the  cavities  varies  mildly  in  the  range  7.9- 
8.2  T  for  optimum  energy  gain,  and  the  average  energy 
factor  is  increased  from  1.0011  (1  MeV)  to  2.0164 
(953.7MeV).  The  final  beam  power  is  116.2  MW,  rf-to- 
beam  power  efficiency  is  66.8%,  and  average  effective 
acceleration  gradient  is  37.9  MV/m,  as  compared  with 
40.4  MeV/m  for  a  zero-spread  beam  without  drift  tunnels 
[8].  Most  of  this  decrease  is  due  to  the  140-cm  increase  in 
machine  length  from  adding  the  drift  tunnels. 

Fig.  2  shows  the  dependence  of  rms  y-  and  j3^-spreads 
on  axial  distance  z.  The  energy  factor  spread  is  increased 
from  initial  3.9x10'’  (0.37  keV)  to  0.0063  (6  MeV)  at  the 
end  of  the  device,  and  the  axial  velocity  spread  is 
increased  from  9.2x1 0'^c  to  0.0040c,  compared  with 
0.0026  (2.4  MeV)  and  0.0012c  at  the  end  respectively  for 
the  zero-spread  beam  example  [8]. 


Figure  1:  Dependence  of  average  energy  factor  <y>  and 
axial  magnetic  field  on  axial  distance  z.  In  the  20-cm 
drift  regions  the  magnetic  field  is  uniform. 


Figure  2:  Dependence  of  rms  energy  factor  and 
normalized  axial  velocity  spreads  on  axial  distance. 

INFLUENCE  OF  APERTURES  AND 
TUNNELS  ON  PARTICLE  DYNAMICS 

Although  the  effect  of  protons  drifting  through  tunnels 
between  cavities  is  considered  in  the  above  analysis,  the 
modification  of  rf  fields  by  the  apertures  on  cavity  end 
walls  and  by  the  tunnels  is  not  included.  Proton  dynamics 
will  be  influenced  by  this  modification.  To  gauge  this 
influence,  a  study  that  uses  realistic  fields  was  done  for 
the  first  three  stages  with  a  122-A,  1-MeV  zero-spread 
proton  beam,  for  comparison  with  a  study  that  uses 
analytic  field  expressions  for  idealized  cavities.  Table  3 
shows  the  simulation  results  for  the  two  cases:  case  a 
corresponds  to  analytic  field  expressions  used  and  case  b 


Table  2:  Parameters  for  a  122  mA,  8-Cavity  Proton  Cyclotron 


Stage 

# 

cavity 

frequency 

(MHz) 

cavity 

radius 

(cm) 

cavity 

length 

(m) 

rf 

power 

input 

(MW) 

relative 

rf 

phase 

beam- 

loaded 

cavity 

Ql 

intrinsic 
cavity  Qo 
(copper) 

peak 

surface 

field 

(MV/m) 

mean 

energy 

gain 

(MeV) 

1 

92 

2.06 

18.0 

0 

6.25x10“ 

1.1x10^ 

7.2 

63.6 

2 

112 

98 

2.23 

2.68x10“ 

i.ixio^ 

4.0 

92.9 

3 

2.39 

15.5 

1.4571 

4.36x10“ 

1.2x10’ 

4.8 

80.9 

4 

96 

2.81 

18.5 

_ 

1.8571 

4.39x10“ 

1.2x10’ 

4.9 

96.1 

5 

88 

3.07 

24.0 

_ 

4.41x10“ 

1.2x10’ 

5.1 

124.3 

6 

80 

132 

— 

3.38 

23.0 

_ I _ 

1.707C 

1.3x10’ 

4.1 

135.3 

7 

72 

144 

3.92 

30.0 

0.1  57C 

1.3x10’ 

4.2 

177.0 

8 

64 

172 

3.89 

30.0 

0.5571 

1.5x10’ 

3.9 

182.7 

total  1 

25.15 

174.0 

952.7 
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Table  3:  Simulation  Results  for  the  First  Three  Cavities  for  Case  a  and  Case  b 


120  MHz  cavity 

112  MHz  cavity 

104  MHz  cavity 

case  a 

case  b 

case  a 

case  b 

case  a 

case  b 

energy  gain  (MeV) 

63.6 

64 

92.9 

93 

maximum  E_l  (MV/m) 

11,3 

immgii^ 

6.3 

8.14 

7.6 

9,4 

unloaded  quality  factor 

110,000 

110,000 

111,000 

11,600 

power  applied  (MW) 

18 

18 

15 

17 

15.5 

19 

power  dissipated  (MW) 

10 

. L7 . 

6 

5.6 

9.5 

corresponds  to  realistic  fields  used  [9]. 

In  simulations,  the  energy  gains  are  adjusted  to  be  the 
same  for  the  two  cases.  From  Table  3,  it  is  seen  that 
almost  nothing  is  affected  for  the  first  cavity.  Compared 
to  case  a,  the  input  rf  power  for  case  b  is  increased  by 
13.3%  for  the  second  cavity  while  22.6%  for  the  third, 
with  more  power  lost  to  the  walls. 

Fig.  3  shows  the  dependence  of  energy  E  and  radial 
coordinate  R  on  axial  distance  z  for  individual  particles 
for  case  b,  with  cavity  and  drift  outlines  shown  to  scale. 
It  is  seen  that  all  the  particles  go  through  the  cavities 
without  hitting  any  walls. 


Figure  3:  Energy  arid  radius  versus  z  for  accelerated 
protons  in  a  zero-velocity-and-radius-spread  beam  for 
case  b.  Peak  current  I  =  915  mA,  and  duty  =  1/7.5. 
Cavity  and  drift  tunnel  outlines  are  shown  to  scale. 


Figure  4:  Energy  and  radius  versus  z  for  accelerated 
protons  in  a  beam  with  velocity,  energy,  and  radius 
spreads  for  case  c.  Peak  current  7-915  mA  and  duty  = 
1/7.5.  Cavity  and  drift  tunnel  outlines  are  shown  to  scale. 


Case  c  is  an  example  where  realistic  rf  fields  like  case  b 
are  employed  for  a  beam  with  parameters  given  by 
Table  1  except  the  energy  spread  is  0.6  keV.  The  results 
are  shown  in  Fig.  4,  for  comparison  with  the  above  zero- 
spread  beam  case  b.  It  is  seen  fi*om  Fig.  4  that  the  energy 
curves  for  individual  particles  spread  wider  than  case  b, 
leading  to  a  bigger  energy  spread,  but  their  average 
energy  is  almost  fixe  same,  about  238  MeV. 

REMARK 

The  new  proton  accelerator  concept  MCPC  presented 
here  could  form  the  basis  for  an  alternative  to  a 
superconducting  linac  for  production  of  high-intensity 
proton  beams,  either  for  a  K-factory  or  a  IT-factoiy,  in  a 
muon  collider,  or  in  a  neutron  spallation  source  such  as 
that  needed  for  driving  a  sub-critical  reactor  for 
accelerator-based  transmutation  of  nuclear  waste. 
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Abstract 

A  tall,  dielectric-lined  rectangular  wake  field 
microstructure  is  being  analyzed  as  a  possible  stageable 
element  of  an  advanced  linear  wake  field  accelerator,  to 
be  driven  by  a  train  of  fsec  microbunches.  These 
microbunches  would  be  chopped  out  of  a  longer  bunch 
using  a  powerful  CO2  laser  and  formed  into  a  rectangular- 
profile  bunch  using  a  quadrupole.  The  fsec  bunches  set 
up  a  periodic  wake  field  in  the  microstructure  that  can  be 
built  up  to  600  MV/m,  for  example,  using  ten  3-fsec 
bunches  each  containing  2  pC  of  charge.  Results  are 
described  from  computations  of  test  particle  electron 
orbits  in  the  longitudinal  and  transverse  wake  fields 
excited  by  these  fsec  bunches.  It  is  found  that  test 
electrons  in  drive  bunches  will  be  well  confined  within 
the  structure  for  a  travel  distance  of  ~10  cm  and  test 
electrons  located  in  an  accelerated  bunch  will  have  stable 
motion  for  at  least  50  cm. 

INTRODUCTION 

Acceleration  of  electrons  in  wake  fields  set  up  by  a  series 
of  driving  bunches  in  a  dielectric  structure  has  shown 
promise  as  a  linear  accelerator  in  which  large  gradients 
might  be  possible  [1,2].  Such  wake  fields  are  interesting 
because  they  do  not  require  power  injected  into  the 
structure  from  an  external  source,  but  rather  use  fields  set 
up  by  bunches  obtained  from  a  conventional  rf  linac. 
Recently,  we  have  studied  the  use  of  tall,  planar  dielectric 
wake  field  structures  having  micron-scale  dimensions  [3]. 
Such  structures  are  capable  of  precision  manufacture 
using  microcircuit  technologies,  and  have  the  capability 
of  achieving  veiy  high  field  gradients:  indeed,  a  series  of 
ten,  3-fsec  1-pC  charge  bunches  has  recently  been  shown 
to  set  up  a  wake  field  of  -500  MeV/m  in  a  structure 
18.8x150  pm  in  cross  section  [4].  The  bunches  are  10  pm 
wide,  and  dielectric  slabs  a  few  pm  thick  line  the 
structure.  Planar  dielectric  structures  offer  the  attraction 
of  improving  the  stability  of  the  bunch  motion  and  the 
amount  of  charge  carried  compared  with  a  cylindrical 
structure  of  comparable  size,  and  the  small  transverse 
dimension  permits  a  large  wakefield  to  be  developed. 

The  bunches  could  be  obtained  initially  from  a  500 
MeV  rf  linac-type  source,  and  are  processed  using  a 
LACARA  accelerator  “chopper”  [3],  or  possibly  an  IFEL 
[5]  used  as  a  “pre-buncher”,  so  as  to  obtain  a  sequence  of 
bunches  a  few  fsec  in  duration.  A  TW  CO2  laser  is  used 
as  a  “modulator”  [3]  of  the  original  psec,  nC  bunch 
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provided  by  the  linac  to  form  such  a  sequence  of  short 
bunches,  each  having  charge  in  the  pC  range.  These  drive 
bunches,  the  energy  of  which  can  be  recycled,  would  in 
practice  be  followed  by  an  accelerated  bunch  which  is 
situated  in  the  accelerating  component  of  which 
follows  the  drive  bunch  train.  In  this  way  fields 
comparable  with  those  achieved  in  laser  plasma  wake 
field  accelerators  can  be  set  up,  yet  the  energy  is  obtained 
largely  from  the  rf  linac  source  rather  than  the  laser.  We 
have  found  that  it  is  possible  to  distort  the  original 
circular  cross  section  of  the  input  bunches  into  a 
rectangular  profile,  using  a  quadrupole,  and  that  the 
rectangular  profile  is  maintained  for  several  centimeters 
of  travel  [4]. 

Transverse  fields  set  up  by  the  bunch  have  been 
calculated,  and  an  estimate  has  been  made  of  how  far  a 
drive  bunch  might  travel  without  additional  focusing  [6] 
(several  cm).  Also,  studies  have  been  made  of  fields  in 
3D  using  the  PIC  code  KARAT.  The  Ez  component  of 
wake  field  was  found  to  be  rather  uniform  in  cross 
section.  In  the  structure  under  study,  the  wake  fields  are 
dominated  by  two  modes  having  nearly  the  same 
periodicity  (about  21  pm  in  the  chosen  geometry).  In  this 
paper,  we  study  the  motion  of  test  particles  which  are 
situated  initially  in  a  grid  of  loci  at  the  location  of  any 
drive  or  accelerated  bunch  (see  Fig.  1).  Our  findings 
show  that  adequate  stability  of  the  drive  bunches  can  be 
obtained  by  choosing  a  tall  structure  (300  pm),  and  that  a 
certain  group  of  test  particles  can  be  accelerated  for  a 
distance  of  -1/2  m  or  more  vrithout  external  focusing, 
maintaining  a  nearly  stable  profile  and  gaining  energy  of 
300  MeV  in  that  distance. 


Figure  1:  Schematic  slab  bunch  within  a  planar  wake 
field  structure.  Circles  stand  for  test  particles  in  the 
(decelerated)  drive  bunch  while  dots  stand  for  test 
particles  in  the  accelerated  bunch. 
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NUMERICAL  PROCEDURE  AND  MODEL 

A  complete  theory  for  excitation  of  wake  fields  in  3D 
planar  dielectric-lined  waveguides,  similar  in  structure  to 
a  theory  for  cylindrical  waveguides  [7],  has  been 
formulated  [6].  Park  wrote  a  code  [8]  based  on  his  theory 
[6]  to  calculate  distributions  of  wake  field  forces  excited 
by  a  train  of  rigid  electron  bunches  moving  at  a  constant 
velocity.  In  this  paper,  the  code  is  used  to  calculate 
dynamics  for  test  particles  by  adding  a  routine  solving  the 
Lorentz  force  equations,  in  which  the  wake  field  forces 
are  as  in  Ref.  6. 

The  dielectric  structure  is  shown  in  Fig.  1,  with  the 
beam  channel  width  2a  =  15  pm,  the  dielectric  thickness 
b-a  -1.9  pm,  and  the  dielectric  (channel)  height  2d  =  300 
pm,  and  the  relative  dielectric  constant  Sr=  3.  The  rigid 
drive  bunches  are  10  pm  wide,  300  pm  high,  and  1  pm  (3 
fsec)  long,  each  containing  2  pC  of  charge.  The  initial 
velocity  of  test  particles  is  assumed  to  be  the  same  as  that 
of  drive  bunch,  which  has  a  relativistic  energy  factor  of 
7=1000  (510.5  MeV).  The  self-field  effect  and  the 
reaction  on  the  drive  bunch  are  neglected.  The  test 
particles  in  the  drive  bunch  are  initially  uniformly 
distributed  within  a  10x300-pm  rectangle  while  the  test 
particles  in  the  accelerated  bunch  are  located  within  a 
10x40-pm  rectangle.  In  simulations,  861  computational 
particles  are  used  to  calculate  the  interaction  between 
wake  fields  and  test  particles. 

The  place  of  injection  of  the  accelerated  bunches  can  be 
optimized.  At  a  place  behind  the  last  drive  bunch 
appropriate  for  acceleration,  the  transverse  wake  fields  are 
small  while  the  axial  field  is  large.  Since  the  axial 
slippage  between  the  wake  fields  and  accelerated  particles 
is  quite  small,  one  can  estimate  what  wake  field  peaks  are 
potentially  good  for  acceleration  using  only  the  initial 
field  distributions.  Therefore,  we  first  find  the  possible 
positions  and  then  do  dynamic  simulations  one  by  one  to 
obtain  the  best  one  favoring  stable  motion. 

MOTION  OF  DRIVE  BUNCH 

Coherence  of  wake  fields  from  different  drive  bunches 
requires  a  fixed  bunch  spacing.  The  first  dive  bunch  is  set 
at  z  =  1200  pm  and  the  lO^*'  drive  bunch  is  at  1009.2  pm, 
with  a  spacing  of  21.2  pm.  The  stability  of  the  10*  drive 
bunch  is  examined  by  initially  setting  test  particles  at  z  = 
1009.2  pm,  where  the  axial  wake  field  force  on  the  axis  is 
-210.2  MeV/m,  excited  by  first  9  drive  bunches. 

Fig.  2a  shows  the  dependence  of  ony  at  z=  1009.2 
pm  for  X  =  0,  1,  3,  5  pm  (F^  is  anti-symmetric  with  respect 
to  x).  It  is  seen  that  the  magnitude  of  increases  nearly 
linearly  with  x,  and  Fx  is  focusing  or  defocusing, 
depending  on  y.  Fx  is  focusing  around  y  =  -95,  -25,  25, 
and  95  pm  while  defocusing  around  y  =  -135,  -60,  0,  60, 
and  135  pm.  Fig.  2b  shows  the  distributions  of  the  test 
particles  at  z  =  1009.2  pm,  4  cm,  7  cm,  and  10  cm  under 
the  influence  of  the  wake  fields.  The  four  jc-direction 
focusing  locations  can  be  easily  identified  from  the  z  =  4- 
cm  distribution.  Because  of  a  strong  defocusing  force  in 
the  region  of  115  pm  <  [y|  <  150  pm  (two  y-ends). 


particles  there  get  lost  to  walls  (see  the  z  =  10-cm 
distribution).  Fig.  2c  shows  the  dependence  of  average 
relativistic  energy  factor  and  percentage  of  surviving 
particles  upon  axial  distance.  All  the  particles  go  --2  cm 
without  hitting  any  walls,  and  finally  more  than  70% 
arrive  at  z  =  10  cm.  The  particles  are  decelerated  from 
<y>  =  1000  (510.5  MeV)  to  955.2  (487.6  MeV). 

Simulations  show  that  94%  of  the  test  particles  at  the 
second  drive  bunch  survive  traveling  10  cm  while  77%  at 
the  fifth  and  73%  at  the  eighth. 


y  (^m) 


Figure  2a:  Dependence  of  Fx  on  y  for  x  =  0,  1,  3,  and  5 
pm.  Fx  is  focusing  when  Fx  <  0,  while  Fx  is  defocusing 
when  Fx  >  0. 
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Figure  2b:  Drive  bunch  test  particle  distributions  at  z  = 
1009.2  pm,  4  cm,  7  cm,  and  10  cm. 


Figure  2c:  Dependence  of  average  energy  factor  and 
percentage  of  surviving  particles  on  axial  distance. 
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MOTION  OF  ACCELERATED  BUNCH 

The  accelerated  bunch  comes  from  a  different  source 
than  the  drive  bunch.  The  stability  of  accelerated  particles 
depends  on  positions  in  the  wake  field  and  the  size  of  the 
region  the  particles  take  up.  Simulations  show  that  the 
test  particles  in  the  accelerated  bunch  following  a  train  of 
10  drive  bimches  should  to  be  situated  at  z  =  60.5  pm, 
where  the  transverse  wake  field  forces  are  small  and 
focusing  in  a  rectangular  region  of  1jc|  <  5  pm  and  [y|  <  20 
pm  while  the  axial  wake  field  force  on  the  axis  reaches  its 
peak,  618.1  MeV/m,  as  shown  in  Fig.3a.  and  Fy  are 
focusing  when  less  than  zero,  since  they  are  plotted  at  x  > 
0  andy  >  0  respectively. 
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Figure  3a:  Dependence  of  wake  field  forces  FX2,0,z), 
F/0,10,z),  and  F;,(0,0,z)  on  axial  distance  z,  excited  by  10 
drive  bunches.  The  stability  of  the  accelerated  bunch  is 
examined  by  setting  test  particles  at  z  =  60.  5  pm. 
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Figure  3b:  Orbits  on  the  y-z  plane  for  15  sampled 
accelerated  particles. 
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Figure  3c:  Test  particle  distributions  on  the  x-y  planes  at  z 
=  60.5  pm  where  861  electrons  are  initially  distributed 
and  at  50  cm  where  they  are  all  well  focused  again. 

Simulations  show  that  during  the  course  of  acceleration, 
the  particles  experience  focusing  and  defocusing 


alternatively,  and  they  are  well  confined  within  a 
rectangular  region  of\x\  <  7.5  pm  and  [y|  <  20  pm.  Fig.  3b 
shows  the  orbits  on  the  y-z  plane  for  15  sampled 
accelerated  particles.  Fig.  3c  shows  the  initial  distribution 
(z  =  60.5  pm)  and  final  distribution  (z  =  50  cm). 

It  is  found  that  the  bunch  of  particles  is  accelerated 
from  <y>  =  1000  (510.5  MeV)  to  1589.1  (811.5  MeV)  in 
a  50-cm  distance. 

DISCUSSION 

In  the  analysis,  the  electron  bunch  is  assumed  to  be 
cold.  A  rough  estimation  of  effect  of  finite  emittance  can 
be  made  as  follows.  Suppose  we  take  a  500  MeV  electron 
beam  with  a  radius  of  50  pm  and  a  normalized  emittance 
of  1  mm-mrad  as  an  example.  The  maximum  normalized 
transverse  velocity  is  2x10'^  and  the  maximum  transverse 
displacement  caused  by  the  emittance  is  7.5  pm  after  a 
37.5-cm  travel.  From  this  it  follows  that  the  emittance 
effect  is  not  so  important  for  a  10-cm  interaction  between 
decelerated  test  particles  and  the  wake  fields.  For 
accelerated  test  particles,  the  emittance  effect  v^ll  be 
reduced  because  both  Fx  and  Fy  are  nearly  linearly 
focusing  forces  in  the  whole  region  the  particles  take  up. 
Of  course,  a  more  sophisticated  code  is  needed  to  better 
understand  emittance  effect  on  the  stability. 

We  have  also  studied  a  1-pC  bunch  150  pm  tall  (half 
the  height  and  charge  as  the  example)  inside  the  same 
structure,  and  find  nearly  the  same  acceleration  gradient 
and  similar  stability  behavior. 

We  have  shown  that  both  drive  and  accelerated  bunches 
can  enjoy  comparatively  stable  motion  whilst  traversing 
many  centimeters  through  the  structure,  permitting  a  very 
large  gradient  to  be  exploited  for  particle  acceleration. 

REFERENCES 

[1] T.-B.  Zhang,  J.L.  Hirshfield,  T.C.  Marshall,  and  B. 
Hafezi,  Phys.  Rev.  E56  ,  (1997)  4647. 

[2] J.G.  Power,  M.E.  Conde,  W.  Gai,  R.  Konecny,  P. 
Schoessow,  and  A.D.  Kanareykin,  Phys.  Rev.  ST 
Accel.  Beams  3,  (2000)  101302. 

[3]  T.C.  Marshall,  C.  Wang,  and  J.L.  Hirshfield,  Phys. 
Rev.  ST  Accel.  Beams  4,  (2002)  121301. 

[4] T.  C.  Marshall,  J.-M.  Fang,  J.  L.  Hirshfield,  C.  Wang, 
V.  P.  Tarakanov,  and  S.  Y.  Park,  “Wake  Fields 
Excited  in  a  Micron-Scale  Dielectric  Rectangular 
Structure  by  a  Train  of  Femtosecond  Bunches,”  in 
Advanced  Accelerator  Concepts:  tenth  Workshop, 
edited  by  C.  E.  Clayton  and  P.  Muggli,  AIP  Conf. 
Proc.  No.  647  (AIP,  New  York,  2002),  p.  361. 

[5] Y.  Liu,  X.  J.  Wang,  D.  B.  Cline,  M.  Babzien,  J.  M. 
Fang,  J.  Gallardo,  K.  Kusche,  I.  Pogorelsky,  J. 
Skaritka,  and  A.  van  Steenbergen,  Phys.  Rev.  Lett.  80, 
(1998)4418. 

[6] S-Y.  Park,  C.  Wang,  and  J.L.  Hirshfield,  “Theory  for 
Wake  Fields  and  Bunch  Stability  in  Planar  Dielectric 
Structures,”  in  Ref.  [4],  p.  527. 

[7]  S-Y.  Park  and  J.L.  Hirshfield,  Phys.  Rev.  E62,  (2000) 
1266. 

[8]  S-Y.  Park ,  Private  communications. 


1 


1932 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


MODELING  OF  BEAM-IONIZED  SOURCES  FOR 
PLASMA  ACCELERATORS 

S.  Deng\  C.  D.  Bames^  C.  E.Clayton^  C.  O’Connell,  F.  J.  Decker^,  P.  E^mla^  O.  Erdem',  C. 
Huang^,  M.  J.  Hogan^  R.  Iverson^  D.  K.  Johnson^,  C.  Joshi^,T.  Katsouleas*,  P.  Krejcik^,  W.  Lu^,  K. 
A.  Marsh^,  W.  B.  Mori^,  P.  Muggli',R.  H.  Siemann^,  D.  Walz^ 

'University  of  Southern  California,  Los  Angeles,  CA  90089 
^University  of  California,  Los  Angeles,  CA  90095 
^Stanford  Linear  Accelerator  Center  Stanford,  CA  94309 


Abstract 

When  considering  intense  particle  or  laser  beams 
propagating  in  dense  plasma  or  gas,  ionization  plays  an 
important  role.  Impact  ionization  and  tunnel  ionization 
may  create  new  plasma  electrons,  altering  the  physics  of 
Wakefield  accelerators,  creating  and  modifying 
instabilities,  etc.  Here  we  describe  the  addition  of  an 
ionization  package  into  the  3-D  object-oriented  fully 
parallel  PIC  code  OSIRIS  [1].  Using  intense  beams  to 
tunnel-ionize  neutral  gas  may  become  a  new  source  of 
plasma.  For  the  beams  whose  electrical  fields  are  right 
above  threshold,  the  optimal  gas  density  for  maximize 
electrical  field  is  about  7  noCugis  the  optimal  density 
according  to  linear  theory  [2]).  We  apply  the 

simulation  tool  to  the  parameters  of  the  current  E164  [3] 
Plasma  Wakefield  Accelerator  experiment  at  the  Stanford 
Linear  Accelerator  Center  (SLAC).  We  find  that  tunnel 
ionization  affects  the  wakefield  and  energy  gain  of  E-164 
experiment. 

INTRODUCTION 

Following  the  success  of  recent  plasma-based 
accelerators  (peak  accelerating  gradients  on  the  order  of 
200  MeV/m  for  El  57/E  162  [4]),  experiments  are 
underway  to  achieve  yet  higher  gradients  with  shorter  and 
more  intense  drive  beams.  For  these,  ionization  the 
working  gas  by  the  beam  becomes  important.  In  future 
experiments  and  concepts  such  as  E164X  and  the 
afterburner,  a  high-density  short  bunch  is  used  to  drive 
nonlinear  (blowout  regime)  plasma  wakes,  and  multi-GeV 
peak  accelerating  gradients  are  achieved.  The  need  for 
long  homogeneous  plasma  sources  of  high  density  (up  to 
10  meters  of  2*10^®  cm"^plasma  for  the  afterburner) 
makes  the  possibility  of  a  plasma  self-ionized  by  the  drive 
beam  attractive. 

In  this  paper,  we  study  the  optimal  gas  density  at  which 
the  plasma  wakefield  is  maximized  for  a  self-ionized 
plasma  wakefield  accelerator.  Simulation  results  for  the 
El 64  experiment  and  E164X  experiment  are  presented. 

PIC  CODE  OSIRIS  AND  IONIZATION 
MODELS 

OSIRIS  is  a  fully  relativistic  PIC  code  with  newly 
added  ionization  package  which  includes  2D  and  3D 
impact  ionization  and  tunnel  ionization. 


The  probability  [6]  for  a  particle  to  impact-ionize  the 
gas  is 

Pi  =  ng0(Vi)|vi|At 

Here  n^  is  gas  density,  a:  is  gas  cross-section,  and  v  is 
the  velocity  of  the  incident  particle. 

For  tunnel  ionization,  the  Ammosov-Delone- 
Krainov(ADK)[7]  model  is  used  to  calculate  the  tunneling 
ionization  probability.  According  to  the  ADK  formula,  the 
ionization  rate  for  Li  is  give  by  the  following  equation: 

0)(t)  =  At*3.46*10^^exp(-85.5/E)/E^ 

Here  E  is  the  amplitude  of  the  applied  electrical  field, 
with  unit  GV/m. 

OSIRIS  is  an  object-oriented  program.  It  enables  us  to 
add  an  ionization  module  without  changing  other  existing 
modules.  The  ionization  module  can  interact  with  other 
modules  freely. 

IONIZATION  AS  A  NEW  PLASMA 
SOURCE 

.  Using  short  bunch  with  high  density  to  tunnel-ionize 
neutral  gas  is  a  possible  way  to  create  plasma.  In  Fig.  1, 
newly  created  electrons  are  pushed  away  by  the  driving 
beam  and  form  a  wake. 


z/(c/a)p) 

Fig  1.  Real  space  of  new  electrons 

We  did  two  runs  to  check  the  amplitude  of  the 
wakefield:  run  1  is  for  a  short  beam  with  electric  fields  far 
above  threshold,  and  run  2  is  for  a  beam  with  electric  field 
just  above  threshold. 
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The  physical  parameters  are  shown  in  table  L 


Table  1:  physical  parameters 


Run  1 

Run  2 

Beam  Energy 
(GeV) 

30 

50 

N 

2el0 

2el0 

a,((xm) 

20 

63 

cXtim) 

20 

14.1 

no(cm'^) 

4.41*10’® 

1.4*10’® 

ng3,(cm-^) 

1.25*10'^ 

4.2*10’® 

no  is  the  optimal  density  according  to  linear  theory  (OpCTz/c=2*'^ . 


In  both  case,  ng^s  is  around  3  times  no-  As  one  sees  in 
Fig.  2,  the  wakefield  created  in  the  self-ionization  case  is 
comparable  to  that  in  the  pre-ionization  case  for  far  above 
threshold  case  —case  l(the  pre-ionized  plasma  density  is 
set  to  equal  to  gas  density).  For  the  case  just  above 
threshold  -case  2  (pre-ionized  plasma  density  is  set  to 
equal  to  Uq)  the  wakefields  are  smaller.  This  is  because  for 
a  beam  with  field  just  above  threshold,  the  head  of  the 
beam  cannot  ionize  gas  until  its  electric  field  reaches  the 
threshold  value.  The  rapidly  ionized  plasma  then  “sees” 
an  effectively  shortened  beam,  because  it  does  not  see  the 
head  of  the  beam.  A  higher  gas  density  is  needed  to  match 
the  plasma  period  (wavelength)  to  the  effective  pulse 
length. 


Ez(p^/]n) 


— -K-  plnicma 

Fig  2a).  Comparison  of  longitudinal  E  field  of  pre- 
ionized  case  and  self-ionized  cases  for  run  1 


Fig  2b).  Comparison  of  longitudinal  E  field  of  pre- 
ionized  case  and  self-ionized  cases  for  run  2 


Parameter  search  results  to  find  the  optimal  gas  density 
at  which  the  wakefield  are  maximized  for  run  2  are  shown 
in  Fig  3.  As  we  expected,  the  electrical  fields  peak  at 
higher  density  (7  no)  for  self-ionied  case  than  pre-ionized 
case  (3no).  Even  in  the  pre-ionized  case,  the  optimal 
density  is  larger  than  the  linear  theory  optimal  density  n^, 
because  the  non-linear  wake  drives  the  plasma  electrons 
relativistically,  increasing  their  mass  and  decreasing  the 
plasma  frequency.  The  density  needs  be  higher  to 
compensate  this  frequency  decrease. 


s 

1  .& 
1 


o.s 


o 


o 


-  pre-ionized  case 
^  self-ionized  case 


Z  A  ia 


Fig  3.  Peak  longitudinal  E  field  vs.  gas  or  plasma 
density 


SIMULATION  FOR  E  164 

3  comparison  runs  are  done  for  E164  parameters.  Case 
1  is  for  with  both  pre-ionized  plasma  and  tunnel-ionized 
plasma.  Case  2  is  for  pre-ionized  plasma  only.  Case  3  is 
for  tunnel-ionzed  plasma  only.  The  physics  parameters 
are  shown  in  table  2. 


Table  2:  physical  parameters  for  el 64  runs 


Case  1 

Case! 

Case  3 

Beam  Energy 
(GeV) 

30 

30 

30 

N 

2el0 

2el0 

2el0 

100 

100 

100 

aXixm) 

25 

25 

12.5 

NpiasmaCcm-^) 

5*10’® 

5*10’® 

0 

Ng„(cm‘^) 

4.5*10’® 

0 

2.5*10’® 

Fig.  4  shows  the  Energy  gain  and  the  lineout  of 
longitudinal  electrical  wakefield  for  each  case.  The 
increased  plasma  density  due  to  new  created  electrons 
makes  the  wakefield  wavelength  shorter  (see  the 
comparision  diagram  for  case  1  and  case  2.  For  E164 
parameters,  the  wakefield  are  close  to  threshold  of  tunnel 
ionisation;  the  magnitude  of  wakefield  and  energy  gain 
for  case  3  is  much  less  than  the  pre-ionized  case. 
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SIMULATION  FOR  E164X 

In  E164X,  even  shorter  beams  (10-20^im)  are  used  than 
in  E164  (lOOfxm).  In  this  case,  the  electrical  field  of  the 
beam  is  far  beyond  the  threshold.  As  one  can  see  in  Fig,  5, 
25GeV/m  peak  acceleration  fields  can  be  achieved,  and 
the  peak  average  energy  gain  is  around  25MeV  for  a  2mm 
run.  These  results  support  the  thesis  that  self-  ionization 
can  be  used  as  a  way  to  create  plasma  sources  for  plasma 
Wakefield  accelerators  and  the  beam  wakefield  can  be 
made  comparable  to  the  pre-ionized  plasma  case. 


required  to  optimally  match.  More  work  will  be  done  to 
study  the  optimal  density. 
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Fig  5.  E164X  simulation  results 


CONCLUSION 

Tunnel  ionization  cannot  be  neglected  when  very  short 
beams  are  driving  the  plasma  wakefield.  The  new  created 
electron  can  shorter  the  wavelength  and  yield  similar  or 
smaller  wakefields,  depending  on  how  short  the  beam  is. 
For  very  short  beams  (like  E164X),  the  wakefields  are 
comparable  to  the  pre-ionzed  case,  while  for  beams  whose 
fields  are  near  threshold  (like  E164),  higher  density  is 
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Abstract 

Brookhaven  National  Laboratory  plans  to  build  a 
partial  helical  snake  for  polarized  proton  acceleration  in 
the  AGS.  It  will  be  a  3  Tesla  superconducting  magnet 
having  a  magnetic  length  of  1.9  meter.  AGS  needs  only 
one  magnet  and  currently  there  is  no  plan  to  build  a 
prototype.  Therefore,  the  first  magnet  itself  must  function 
at  the  design  operating  field  and  provide  the  required  field 
quality,  spin  rotation  and  deflections  on  the  particle  beam. 
New  software  have  been  developed  that  exchanges 
input/output  between  the  OPERA3d  field  design  program, 
the  Pro-Engineering  CAD  model  and  the  software  that 
drives  the  machine  to  make  slots  in  aluminum  cylinders 
where  blocks  of  6-around-l  NbTi  wires  are  placed.  This 
new  software  have  been  used  to  carry  out  a  number  of 
iterations  to  satisfy  various  design  requirements  and  to 
assure  that  the  profile  that  is  used  in  making  field 
computations  is  the  same  that  is  used  in  cutting  metal.  The 
optimized  coil  cross-section  is  based  on  a  two  layer 
design  with  both  inner  and  outer  layers  having  five 
current  blocks  per  quadrant.  The  ends  are  based  on  a 
design  concept  that  will  be  used  for  the  first  time  in 
accelerator  magnets. 

INTRODUCTION 

At  present  there  is  a  significant  loss  of  polarization  in 
accelerating  polarized  protons  from  5  GeV  to  25  GeV  in 
Brookhaven  AGS  (Alternating  Gradient  Synchrotron). 
The  proposed  30%  partial  Siberian  Snake  can  overcome 
both  imperfection  and  intrinsic  resonaces  [1].  Drawing  on 
our  previous  experience  with  superconducting  helical 
magnets  for  RHIC  [2],  a  203.2  mm  (8  inch)  coil  aperture 
helical  dipole  is  being  designed  and  built  for  AGS.  The 
basic  design  parameters  are  listed  in  Table  1.  The  dipole 
field  rotates  with  a  pitch  of  0.2053  degrees/mm  for  786 
mm  in  the  center  and  a  pitch  of  0.3920  degrees/mm  for 
577  mm  in  each  end.  In  order  to  minimize  the  residual 
deflections  and  offsets  of  the  beam  on  its  orbit  through  the 
Snake,  a  careful  balancing  of  the  coil  parameters  is 
necessary.  This  required  the  development  of  new  software 
that  apart  from  doing  various  calculations  can  also 
generate  appropriate  input/output  for  other  2d  and  3d  field 
calculations  programs  and  for  various  CAD  programs. 
Similarly  a  significant  effort  was  also  invested  in 
developing  and  automating  CAD  based  design  techniques 
[3].  A  good  design  for  the  coils  was  found  after  several 
iterations  where  the  coil  pitch  and  length  of  helical 

*  Work  supported  by  the  U.S.  Department  of  Energy  under  Contract 
No.  DE-AC02-98CHI0886  and  by  RIKEN  of  Japan. 
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sections  were  optimized  while  retaining  the  cross  section 
and  ends.  In  addition  to  the  main  helical  coils,  a  solenoid 
winding  is  planned  inside  the  main  coils  to  compensate 
for  the  axial  component  of  the  field  that  is  experienced  by 
the  beam  when  it  is  off-axis  in  this  helical  magnet.  Also, 
the  magnet  system  will  have  several  corrector  coils  placed 
on  the  same  tube  on  which  the  solenoid  is  placed.  The 
engineering  design  of  this  magnet  is  presented  elsewhere 
[3]. 

Table  1 :  AGS  Helical  Magnet  Design  Parameters. 

Superconductor  Parameters: 


Filament  diameter 

10  micron 

Wire  diameter 

0.33  mm 

Cu  to  Non-Cu  ratio 

2.5:1 

Cable  type 

6-around-l 

Cable  diameter,  bare 

0.99  mm 

Cable  diameter,  insulated 

1.09  mm 

Cable  Ic  @  5T,  4.2  K 

530  A 

Coil  Parameters: 

No.  of  coil  layers 

2 

Coil  inner  radius  for  inner  layer 

101.6  mm 

Coil  inner  radius  for  outer  layer 

127.8  mm 

Current  blocks  per  quadrant 

10  (5  per  layer) 

No.  of  turns  in  9  blocks 

12X9=108 

No.  of  turns  in  inner-pole  block 

12X5  =  60 

Other  Parameters: 

Design  field 

3.0  T 

Quench  field 

~4.1  T 

Operating  current 

-350  A 

Quench  current 

-500  A 

Operating  temperature 

4.5  K 

Stored  energy  @3T 

0.4  MJ 

Inductance 

6.5  H 

Pitch  in  the  middle  (786  mm) 

0.2053  deg/mm 

Pitch  in  the  ends  (577  mm  each) 

0.3920  deg/mm 

Slot  size,  width/depth 

13.6/13.1  mm 

Warm  bore  tube  id/od 

152.4/156.5  mm 

Cold  bore  shield  id/od 

165.2/167.7  mm 

Cold  bore  tube  id/od 

176.5/181.6  mm 

Inner  Aluminum  tube  id/od 

195.6/229.6  mm 

Outer  Aluminum  tube  id/od 

248/281.8  mm 

Iron  yoke  id/od 

300.4/685.8  mm 

Shell  id/od 

685.8/687.1  mm 

End  plate  thickness 

12.7  mm 

Magnetic  length 

1.9  m 

Aluminum  tube  length 

2.27  m 

Vacuum  vessel  length 

2.57  m 

2-D  MAGNETIC  DESIGN 

The  cross  section  of  a  helical  coil  may  be  specified  in  a 
plane  that  is  perpendicular  to  the  helix  and  with  a  pitch  by 
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which  the  field  is  required  to  rotate.  The  design  of  AGS 
snake  requires  the  pitch  to  be  different  in  the  middle  of 
the  dipole  as  compared  to  that  in  the  two  ends  (see  Table 
1). 

The  design  procedure  developed  here  is  such  that  the 
initial  coil  cross  section  is  optimized  for  a  good  field 
quality  in  a  straight  dipole  magnet.  In  this  procedure  the 
size  of  conductor  blocks  in  this  straight  dipole  is  assumed 
to  be  the  same  as  that  in  the  plane  perpendicular  to  the 
helix  in  an  helical  dipole.  This  means  that  in  a  plane 
perpendicular  to  the  beam  axis  the  subtended  block  size  in 
an  actual  helical  dipole  will  be  different  for  two  pitches 
and  also  for  the  two  layers.  In  this  straight  magnet  (see 
cross-section  in  Fig.  1),  the  physical  separation  between 
the  blocks  is  much  larger  than  that  it  is  in  the  helical 
magnet  (see  3-d  model  in  Fig.  2),  however,  the  relative 
angular  separation  of  each  block  remains  the  same. 


Fig.  1:  Cross  section  of  the  straight  magnet  with  the 
identical  block  size  as  in  helical  section. 


The  optimized  coil  cross  section  consists  of  five 
conductor  blocks  per  quadrant  in  each  of  two  layers.  To 
minimize  the  design  effort  and  the  magnet  cost,  the  coil  is 
optimized  such  that  all  slots  in  the  two  aluminum 
cylinders  have  an  identical  cross  section  in  the  plane 
perpendicular  to  the  helix.  In  addition,  all  blocks,  except 
the  pole  block  in  the  inner  layer,  consist  of  nine  layers 
each  of  12  turns  (a  total  of  108  turns  per  block).  To  reduce 
the  peak  field  on  the  conductor,  the  pole  slot  in  the 
aluminum  tube  for  the  inner  layer  is  filled  with  five 
instead  of  nominal  nine  layers.  The  above  adjustment  in 
the  number  of  layers  in  a  block  can  also  be  used  to 
partially  iterate  the  field  quality  without  changing  the 
detailed  design  even  after  the  slots  have  been  machined  in 
the  aluminum  tube.  This  method  was  first  used 
successfully  in  RHIC  helical  dipole  magnet  [2]. 

In  a  straight  magnet  with  no  axial  component  of  the 
field,  the  field  quality  is  expressed  in  terms  of  the  normal 
and  skew  harmonics,  bn  and  defined  in  the  following 
expansion  of  horizontal  and  vertical  components  of  field 
(Bx,  By): 

=10-^x5„|;(Z)„  +ia„){{x  +  iy)IRY 

«=0 


where  x  and  y  are  the  horizontal  and  vertical  coordinates. 
Bo  is  the  dipole  field  strength  and  R  is  the  “reference 
radius”  that  is  chosen  to  be  65  mm  here.  The  magnitude 
of  the  n*  harmonic  is  called  which  is  related  to  the 
skew  and  normal  harmonic  by  the  relation 
The  computed  normal  harmonics  in  this  straight  magnet  at 
1.0  T  and  3.0  T  are  given  in  Table  2. 


Table  2:  Computed  values  of  normal  harmonics  (6„)  at  1  T 
and  3  T  in  a  2-d  model  where  the  coils  are  straight. 


Harmonic  No. 

2 

4 

6 

8 

10 

Harmonics®  IT 

0.0 

-0.1 

-0.4 

-3.1 

1.3 

Harmonics@3T 

1.4 

-1.0 

-0.5 

-3.1 

1.3 

3-D  MAGNETIC  DESIGN 

Fig,  2  shows  the  OPERA3d  model  of  the  coils  (yoke 
not  shown  for  clarity)  with  the  magnitude  of  field 
superimposed  on  the  surface  of  conductor  blocks  for  a 
field  of  3.12  T  at  the  center  of  the  magnet.  The  peak  field, 
which  is  used  in  computing  the  quench  field  in  Table  1,  is 
3.86  T. 


Fig.  2:  OPERA3d  model  of  the  coils  with  the  magnitude 
of  the  field  superimposed  on  the  conductor  surfece  (the 
iron  yoke  is  not  shown  for  clarity).  The  field  at  center  is 
3.12  T. 

The  conventional  2-d  field  harmonics  description  for  a 
straight  magnet  is  not  valid  in  the  case  of  helical  fields. 
Those  harmonics  become  dependent  on  integration  radius 
and  on  helical  pitch.  The  harmonic  computation,  however, 
can  still  be  used  in  describing  fields  in  limited  sense, 
when  properly  used.  In  Fig.  3,  the  sextupole  harmonics 
are  plotted  as  a  function  of  axial  position  by  integrating  By 
at  a  radius  of  65  mm.  The  field  in  the  center  of  the  magnet 
is  3.12  T. 

The  end  design  is  based  on  the  formalism  developed  by 
G.  Morgan  [4].  As  compared  to  RHIC  snake  [2],  we  have 
improved  the  end  design  as  (a)  the  helical  rotation  of  the 
coil  continues  through  the  end  and  (b)  the  bend  radius  is 
significantly  reduced  to  increase  the  effective  field 
generated  for  a  specified  coil  length.  The  prescription  by 
Morgan  minimizes  harmonic  content  by  a  judicious 
choice  of  angles  of  the  current  blocks  as  they  traverse 
side-to-side  in  the  ends.  An  end  design  similar  to  that  used 
in  the  RHIC  helical  magnets  was  also  developed  [5]. 
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However,  the  current  Morgan  end  design  was  preferred 
for  its  harmonic  content  and  efficiency. 


Z(mm) 

Fig.  3:  The  sextupole  harmonic  along  the  magnet  axis 
computed  by  integrating  By  at  a  radius  of  65  mm  and 
using  the  harmonic  definitions  appropriate  for  2-d  fields. 


The  magnitude  of  the  field  and  the  field  components  on 
the  magnet  axis  are  shown  in  Fig.  4.  The  change  in  the 
magnitude  of  the  field  in  the  magnet  center  and  near  two 
ends  is  caused  by  the  difference  in  the  pitch  by  which  the 
magnetic  field  is  required  to  rotate. 
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Fig.  4:  The  magnitude  and  the  components  of  field  on  the 


magnet  axis. 
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Fig.  5:  The  nominal  horizontal  and  vertical  position  of  the 
beam  as  function  of  axial  position  inside  the  helical 
magnet. 

The  actual  beam  is  injected  3  cm  off-axis  in  the 
horizontal  plane  to  maximize  the  use  of  available 
aperture.  The  field  inside  the  helical  magnet  must  satisfy 


some  stringent  requirements.  Apart  firom  satisfying  the 
spin  dynamics  requirements,  the  beam  must  exit  the 
helical  magnet  with  nearly  the  same  position  and  angle  by 
which  it  entered  the  magnet.  This  requirement  was 
satisfied  after  a  number  of  involved  iterations.  This 
iteration  process  benefited  by  the  development  of  various 
in-house  software  packages  and  techniques.  The  final 
results  are  shown  in  Fig.  5  where  the  horizontal  and 
vertical  position  of  the  beam  is  plotted  as  the  function  of 
axial  position  in  the  helical  magnet. 

The  beam  experiences  an  axial  component  of  the  field 
when  it  is  away  from  the  magnet  axis.  In  the  present 
design,  the  net  integral  of  this  axial  component,  as 
experienced  by  the  beam  along  the  path  shown  in  Fig,  5, 
has  a  significant  non-zero  value.  One  way  to  compensate 
this  is  by  introducing  an  additional  solenoidal  coil  in  the 
middle  of  the  magnet.  This  is  shown  in  Fig.  6.  The  other 
corrector  windings  will  be  placed  on  the  same  tube  near 
the  ends. 


z(cm) 

Fig.  6:  The  axial  component  of  the  field  along  the  nominal 
beam  path.  The  integral  value  is  made  zero  with  the  help 
of  a  solenoidal  winding  on  the  beam  tube  in  the  middle  of 
the  magnet. 

SUMMARY 

The  design  and  analysis  of  a  partial  helical  snake  for 
AGS  has  been  completed,  A  number  of  software 
techniques  have  been  developed  to  obtain  a  design  that 
satisfies  the  basic  requirements. 
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ENGINEERING  OF  THE  AGS  SNAKE  COIL  ASSEMBLY* 
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Abstract  Foundation  module,  the  complex  helical  cuts  are 


A  30%  Snake  superconducting  magnet  is  proposed  to 
maintain  polarization  in  the  AGS  proton  beam,  the 
magnetic  design  of  which  is  described  elsewhere  [1].  The 
required  helical  coils  for  this  magnet  push  the  limits  of  the 
technology  developed  for  the  RHIC  Snake  coils.  First, 
fields  must  be  provided  with  differing  pitch  along  the 
length  of  the  magnet.  To  accomplish  this,  a  new  3-D  CAD 
system  ("Pro/Engineer”  from  PTC),  which  uses 
parametric  techniques  to  enable  fast  iterations,  has  been 
employed.  Revised  magnetic  field  calculations  are  then 
based  on  the  output  of  the  mechanical  model.  Changes  are 
made  in  turn  to  the  model  on  the  basis  of  those  field 
calculations.  To  ensure  that  accuracy  is  maintained,  the 
final  solid  model  is  imported  directly  into  the  CNC 
machine  programming  software,  rather  than  by  the  use  of 
graphics  translating  software.  Next,  due  to  the  large  coil 
size  and  magnetic  field,  there  was  concern  whether  the 
structure  could  contain  the  coil  forces.  A  finite  element 
analysis  was  performed,  using  the  3-D  model,  to  ensure 
that  the  stresses  and  deflections  were  acceptable.  Finally, 
a  method  was  developed  using  ultrasonic  energy  to 
improve  conductor  placement  during  coil  winding,  in  an 
effort  to  minimize  electrical  shorts  due  to  conductor 
misplacement,  a  problem  that  occurred  in  the  RHIC 
helical  coil  program.  Each  of  these  activities  represents  a 
significant  improvement  in  technology  over  that  which 
was  used  previously  for  the  RHIC  snake  coils. 

A  PROCESS  FOR  MODELING  AGS 
SNAKE  HELICAL  COILS 

Previously,  helical  coil  grooves  or  blocks  were  created 
through  a  time-consuming  process  using  CAD  software. 
After  defining  the  helical  path  of  each  groove,  numerous 
cross-sections  of  the  groove  were  constructed  at  intervals 
along  the  paths.  All  cross-sections  were  manually  oriented 
normal  to  their  helical  path  during  construction.  Surfaces 
were  then  lofted  through  these  cross-sections  and  used  to 
perform  the  cuts  necessary  to  produce  the  grooves  in  the 
basic  cylindrical  part.  This  process  made  changes  quite 
difficult.  Where  variable  pitch  helixes  were  required, 
separate  helixes  were  constructed  and  joined. 

With  the  use  of  Pro/Engineer,  the  process  of  creating 
variable  pitch  helical  grooves  changed  dramatically. 
Using  PTC’s  Advanced  Surfacing  module  with  the  Pro/E 

*Work  supported  by  the  U.S.  Department  of  Energy  under  Contract  No. 
DE-AC02-98CH10886. 
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produced  in  a  more  efficient  manner.  Also,  since  Pro/E 
can  easily  construct  variable  pitch  helixes  (see  Figure  1) 
the  process  of  creating  the  helical  paths  was  greatly 
simplified.  The  paths  produced  in  this  manner  were 
parametric,  meaning  they  could  easily  be  changed  without 
the  need  to  reconstruct  them  as  the  design  evolved. 


Figure  1, 


A  technique  was  developed  to  construct  the  variable 
pitch  cuts  in  the  tube.  Helical  surfaces  were  constructed 
normal  to  a  cylindrical  surface  and  then  intersected  with 
that  surface  to  produce  the  curves  that  define  the  helical 
portions  of  the  grooves’  paths.  Various  techniques  were 
used  to  develop  the  paths  of  the  coil  ends.  The  end  curves 
along  with  the  helical  curves  define  the  basic  paths  of  the 
grooves  (see  Figure  2).  These  basic  curves  were  then 
projected  onto  a  larger  cylindrical  surface  to  produce  the 
remaining  curves  required  to  define  the  variable  cross- 
section  sweeps.  The  completed  cuts  were  then  produced 
using  the  Pro/Engineer  variable  section  sweep  cut 
functionality  (see  figure  3). 

In  the  coil  models  all  grooves  were  defined  and  created 
in  this  manner.  A  typical,  completed  coil  tube  produced 
using  this  process  is  shown  in  Figure  4.  Since  most  of  the 
geometry  created  using  this  process  is  parametric,  design 
changes  that  would  normally  require  extensive  geometry 
modifications  could  frequently  be  accomplished  by 
changing  a  single  parameter,  resulting  in  all  subsequent 
geometry  being  automatically  updated.  In  an  evolving, 
iterative  design  such  as  this,  considerable  time  has  been 
saved  as  a  result  of  these  capabilities. 
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Figure  4. 


Once  the  final  magnetic  and  mechanical  designs  had 
been  established  and  verified,  the  models  of  the  two  coil 
support  tubes  were  sent  electronically  to  the  machine  tool, 
using  NC  programming  software  and  post  processors 
developed  by  both  PTC  and  MasterCam.  In  this  way,  tool 
paths  were  developed  directly  from  the  engineering 
surfaces,  and  not  as  interpreted  by  IGES  or  other  graphics 
translation  software.  Parts  were  subsequently  machined 
using  a  4-axis  CNC  machine  tool  and  inspected  to  be 
within  0.25  mm  of  desired  surface  position  along  all 
locations  of  the  helices.  The  inner  coil  support  tube  in  the 
machine  tool  is  shown  below  in  figure  5. 


Figure  5. 


AGS  SNAKE  COIL  TUBE  ANALYSIS 

A  three-dimensional  finite  element  structural  analysis 
was  done  on  the  inner  and  outer  coil  support  tubes  for  the 
AGS  snake  magnet  to  determine  the  stress  and  deflections 
in  each  tube  under  the  Lorentz  forces.  A  30  inch  long 
section  from  the  center  of  each  tube  was  used  for  the 
analysis.  The  calculated  azimuthal  pressures  exerted  by 
each  coil  block  were  scaled  based  on  the  percentage  of  the 
groove  depth  occupied  by  the  coil  windings.  The 
resulting  pressure  for  each  block  as  indicated  in  Table  2 
was  applied  the  full  sidewall  of  the  groove.  Both  ends  of 
the  tube  were  completely  constrained  and  the  outside 
diameter  of  the  tube  was  constrained  in  the  radial 
direction.  Material  was  assumed  to  be  aluminum  with  a 
Young’s  modulus  of  10e6  psi.  Results  shown  in  figures  6 
through  9  indicate  a  peak  stress  of  34000  psi  for  the  inner 
tube  and  13000  psi  for  the  outer  tube  with  maximum 
deflections  of  .0020  inches  and  .0016  inches  respectively. 
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Figure  9.  Outer  Tube  Deflection 


Table  1 .  Tube  Dimensions  (in.) 


Tube 

ID  OD  t 

slot  denth 

Inner 

7.70  9.04  .67 

.512 

Outer 

9.76  11.10  .67 

.512 

B  lock 

Table  2.  Lorentz  Force  Loads 

Coll  Azim  uthal  Coil  Block  Load  A  pp  lied  to 

Nu  m  ber 

Pressure  (psi)  Height  S  lot  W  ail  (ps  i) 

Inner 

1 

350  0.422 

2  8  8 

2 

900  0.422 

742 

3 

1650  0.422 

1360 

4 

2239  0.422 

1845 

5 

2777  0.239 

1  296 

0  uter 

1 

331  0.42  2 

273 

2 

607  0.422 

50  0 

3 

1  176  0.422 

969 

4 

1404  0.422 

1157 

5 

1324  0.422 

1091 

Slot  depth  =  0.5t2  tn  alt  cases 


A  METHOD  TO  USE  ULTRASONIC 
ENERGY  TO  IMPROVE 
CONDUCTOR  PLACEMENT  DURING 
COIL  WINDING 

AGS  Snake  coils  are  arranged  in  blocks  of  windings 
within  the  machined  tube  grooves.  These  winding  blocks 
are  arrays  of  round  cable,  twelve  rows  wide  and  nine 
layers  high  as  shown  in  Figure  10.  Between  each  vertical 
layer  is  a  b-stage  epoxy  impregnated  fiberglass  substrate. 
After  winding,  the  cables  are  compressed  into  the 
substrate  during  an  elevated  temperature  and  pressure 
cure  cycle.  The  cure  cycle  seats  the  conductors  into  the 
substrate  while  the  epoxy  flows  to  eliminate  voids, 
thereby  providing  suitable  support  for  the  conductors. 

Inherent  in  the  helical  winding  pattern  and  the  inward 
shift  in  radial  position  described  above  is  a  surplus  of  wire 
placed  into  the  grooves  during  winding.  It  was  found 
during  production  of  the  RHIC  helical  coils  that  this 
excess  conductor  led  to  electrical  shorts  in  several 
instances  due  to  the  resulting  incorrect  positioning  of 
conductor,  as  is  seen  in  Figure  11.  In  the  AGS  Snake 
application  this  problem  would  become  more  severe. 
Therefore,  a  method  was  developed  using  a  5 00- watt 
hand-held  ultrasonic  welder  to  seat  the  conductors  into  the 
substrate  below  during  the  winding  process.  This  process 


was  used  after  each  of  the  nine  layers  of  conductors  was 
placed  into  the  grooves.  Measurements  of  the  height  of 
conductor  layers  in  the  block  were  made  after  each  layer 
was  wound  and  ultrasonically  seated.  Tests  conducted 
using  this  method,  the  results  of  which  are  shown  in 
Figure  13,  indicate  that  each  conductor  layer  was 
successfully  seated  0.15  mm  into  the  substrate.  Electrical 
hypot  testing  at  2KV  potential  was  performed  afterwards, 
between  adjacent  wires  and  between  all  wires  and  the 
grounded  groove,  to  verify  that  the  insulation  was  not 
damaged  by  the  ultrasonic  welding  process. 


Figure  10.  Coil  Block  cross-section 


Figure  1 1 .  Cable  positioning  error 


Figure  12.  Comparison  of  Cable  Seating  Depths 


SUMMARY 

Improved  methods  and  tools  are  being  utilized  for  the 
design,  engineering,  and  assembly  of  the  AGS  Snake 
magnet  coils.  These  methods  and  tools  will  ensure  that 
the  coils  meet  all  magnetic,  electrical,  and  mechanical 
requirements. 
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Abstract 

The  procurement  of  a  pre-series  of  90  Main  Dipole  was 
decided  as  the  first  step  towards  the  series  production  of 
1232  Arc  Main  Dipoles  within  the  LHC  magnet  program. 
The  pre-series  production  is  already  completed  at  one 
Contractor’s  site  and  is  approaching  the  completion  at  the 
other  two  companies.  Technical  aspects:  manufacturing 
tolerances,  manufacturing  difficulties,  first  evaluation  on 
Non-Conformities  appearing  during  production  and  a 
short  overview  of  magnet  performance  are  presented. 

THE  LHC  DIPOLE  “PRESERIES’’ AND 
“SERIES”  CONTRACTS 

The  1232  LHC  Arc  Dipoles  (also  called  Main  Bending 
Magnets  or  MB)  will  be  the  “backbone”  of  the  LHC  now 
under  construction  at  CERN  in  Geneva-Switzerland.  The 
final  design  R&D  phase  (1996-1999)  was  completed  in 
Nov  1999  and  subsequently  orders  were  placed  with  three 
European  Companies:  (Consortium  Alstom/Jeumont-F, 
Ansaldo  Superconduttori  -I,  and  BNN-D)  for  the 
manufacture  of  30  MB  cold  masses  (c.m.)  per  contract. 
This  initial  production  was  called  the  “Pre-series”.  In  Nov 
2001  CERN  placed  the  contracts  (for  the  same  number  of 
MB  per  Company)  for  the  remaining  1158  cold  masses 
with  the  same  three  Companies.  Today,  (May  2003),  the 
status  for  the  6  contracts  is  the  following:  The  Consortium 
Alstom-Jeumont  has  completed  the  Pre-series  Contract 
(complete  delivery  of  the  30  c.m.)  and  have  at  their 
premises  several  Series  c.m.  in  different  phases  of 
production  up  to  N.  46  (16*^  of  the  “Series”  Contract).  7 
c.m.  of  Pre-series  have  been  delivered  by  Ansaldo 
Superconduttori,  and  production  is  advancing  up  to  c.m. 
12  of  the  Series.  BNN  has  delivered  13  c.m.  of  Pre-series 
and  has  up  to  c.m.  10  of  the  Series  in  progress. 

Although  the  “steady  state”  production  rate  has  not  yet 
been  achieved,  the  Manufacturers  are  coming  out  of  the 
“learning  phase”,  and  it  is  now  possible  to  make  some 
conclusion  about  the  performance  of  the  Pre-series 
production  during  start-up,  about  the  changes  adopted 
during  this  phase  and  about  the  results  obtained  (see  also 
[1]> 

THE  PRESERIES  MANUFACTURING 

Design  Changes 

Since  the  signature  of  the  Pre-series  contract  and  the 
start  of  manufacturing  activities,  the  design  of  the  C.M. 
(including  the  Technical  Specification)  has  evolved  [2]. 
The  Pre-series  c.m.  manufacturing  was  proceeding 
following  “on  line”  these  changes,  in  order  to  have  the 
changes  applied  ASAP  limiting  so  the  number  of  C.M.  of 
“first  generation”. 


Some  changes  concerned  the  c.m.  configuration  “as 
delivered  at  CERN”.  These  changes  are  not  relevant  for 
the  magnet  final  configuration  (as  installed  in  the  LHC), 
The  c.m.  are  delivered  to  CERN  ready  to  be  fully  test  at 
1 .9  K,  but  this  configuration  is  later  changed  to  prepare 
them  for  the  final  installation  in  the  LHC  tunnel. 

The  most  relevant  changes  concerned  the  2D  cross 
section  in  the  straight  part  and  the  geometrical 
configuration  of  the  conductor  blocks  and  end  spacers  in 
the  coil  ends. 

Since  the  Final  Prototype  phase  on,  the  coil-straight 
parts  have  proved  to  be  thermally  extremely  stable,  since 
no  training  quenches  originate  there.  The  training 
quenches  all  originate  in  the  coil  heads.  In  particular  the 
first  and  second  turn  of  the  outer  layer  coil  have  been 
identified  as  the  locations  where  the  majority  of  the 
training  quenches  are  triggered. 

In  order  to  optimize  the  field  margin  to  quench  of  the 
coils  heads,  it  was  decided  to  introduce  an  additional  end 
spacer  after  the  second  turn  of  the  second  layer  in  the  coil 
heads  in  both  ends  (Fig.l:  the  additional  end  spacers  are 
the  two  marked  with  digits). 


Fig.  1 :  Complete  “final  configuration”  set  of  LHC  Dipole 
outer  layer  end  spacers. 


A  3D  electromagnetic  model  was  used  to  compute  the 
peak  field  along  the  cable  width  (15.1  mm)  in  order  to 
follow  the  evolution  of  the  field  value  along  the  path  of 
the  conductor  around  the  spacer.  Graph  (Fig.2)  shows  the 
peak  field  in  the  first  and  second  turn  of  the  second  layer 
before  and  after  introducing  of  the  additional  spacer, 
which  separates  the  first  and  second  turn  from  the  third. 

The  computed  effects  of  the  change  are  clearly  visible: 
the  peak  field  experienced  by  the  and  2"*^  turn 
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decreases  as  soon  as  the  2"^  cable  is  separated  from  the 
3^^^,  starting  from  25  mm  inside  the  head. 


0  10  20  30  40  50  60  70  80 


Fig,  2:  The  peak  field  in  the  first  and  second  cable  of  the 
second  layer  with  and  without  the  extra  end  spacer. 

The  peak  field  reduction  on  the  apex  of  the  turn  is 
about  0.6  T.  With  the  3D  model  it  was  possible  to  verify 
that  this  change  in  conductor  position  did  not  significantly 
(<0.1T)  increased  the  field  on  any  other  conductor  of  the 
coil. 

Thanks  to  this  modification  it  was  possible  to  achieve 
better  compaction  of  the  cable  stack  in  the  heads, 
resulting  in  a  significant  reduction  in  the  number  of 
training  quenches,  as  will  be  presented  below. 

Corrective  actions  following  indication  from 
magnetic  field  quality  measurements 

At  the  beginning  of  the  pre-series  production,  a  too 
high  value  of  b3  and  b5  was  observed  [3].  A  corrective 
action  was  taken  based  on  the  measurement  of  9  collared 
coils  at  300  K  and  2  ciyomagnets.  Due  to  the  organization 
of  the  production,  where  some  components  are  assembled 
in  parallel,  the  corrective  action  was  implemented  on  the 
30*  produced  magnet  of  the  pre-series.  The  action 
consists  of  a  small  modification  on  the  copper  wedge 
profile  (maximum  0.4  mm)  of  the  inner  layer,  keeping  the 
same  overall  shape  of  the  coil  to  avoid  any  change  in  the 
adjacent  collared  coil  components  nor  coil  manufacturing 
tooling.  The  change  was  aiming  at  maintaining  the  same 
value  of  the  main  field,  whilst  reducing  the  b3  and  b5  [3]. 
The  effect  on  main  field  was  in  good  agreement  with 
simulation,  and  the  correction  on  b3  and  b5  was  between 
60%  and  80%  of  what  was  expected.  This  cross-section 
correction  has  brought  b3  and  b5  to  values  that  are  now 
close  to  the  optimal  ones  for  beam  dynamics. 

Magnetic  measurements  policy  and  status 

Magnetic  measurements  are  carried  out  first  of  all  at 
the  Manufacturers  premises  at  room  temperature  at  two 
different  moments  during  production:  on  die  collared  coil 
and  on  the  completed  cold  mass.  Measurements  are 
performed  with  a  750  mm  long  rotating  coil  at  20 
consecutive  positions  along  the  magnet  axis  to  cover  15 
m.  The  magnetic  measurement  is  a  contractual  obligation 
and  therefore  all  the  magnets  will  be  tested.  Furthermore, 


special  measurements  have  also  been  requested  for 
critical  cases  (change  of  measuring  device,  analysis  on 
anomalies  in  field  quality,  test  of  assembly  procedures). 

By  early  March  2003,  81  collared  coils  and  43  cold 
masses  have  been  measured.  Only  one  measurement  of  a 
c.m.  was  skipped  for  scheduling  reasons  at  the  initial 
stage  of  the  pre-series  production. 

Magnets  are  measured  later  after  cryostating  at  CERN 
at  the  normal  operation  condition  (1.9  K).  The  present 
average  delay  between  collared  coil  and  cold  test  is  one 
year  (Fig,3)  and  the  minimum  reached  so  far  is  7  months. 
This  delay  should  be  reduced  to  a  few  months  during  the 
full  speed  production. 
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Figure  3:  Measured  collared  coils  versus  time,  and  delay 
in  cold  mass  and  cryomagnet  measurements. 

The  results  of  the  magnetic  measurements  are  used  for 
two  different  purposes: 

the  steering  of  the  field  quality  towards  the  beam 

dynamics  targets  [4], 

the  quality  control  of  the  assembly. 

Their  usefulness  relies  on  the  coirelations  between 
measurements  at  room  temperature  and  at  1.9  K.  The 
correlation  is  rather  good  in  general  and  will  be  carefully 
monitored  during  production  [5]. 

Assembly  quality  control  by  magnetic 
measurements,  example  of  detected  Non 
Conformities 

Magnetic  measurements  are  a  powerful  and  economic 
tool  to  detect  Non  Conformities  (NC)  such  as:  assembly 
problems  and  faulty  components,  signatures  of  the  tooling 
and  trends  in  the  production  (see  for  instance  [6]  for  the 
experience  at  RHIC).  In  over  81  collared  coils,  2  cases  of 
bad  assembly  procedures  have  been  found:  a  double  coil 
protection  sheet  (0.5  mm  thick)  in  collared  coil  2002  and 
a  missing  collaring  shim  in  the  outer  layer  (0.8  nun  thick) 
in  collared  coil  1027.  It  is  important  to  note  that,  in  both 
cases  the  NC  concerned  only  a  short  length  of  the  magnet 
(1-2  meters)  and  therefore  it  would  not  have  affected  the 
integral  field  in  a  significant  way.  Nevertheless,  assembly 
faults  of  this  type  induce  discontinuities  in  the  magnet 
structure  that  may  cause  performance  limitations 
(quenches)  or  other  serious  problems.  For  this  reason  it  is 
important  to  identify  and  correct  these  errors  at  an  early 
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stage  when  the  correction  can  still  be  carried  out  in  an 
economic  and  fast  way.  In  both  cases  the  collared  coils 
were  decollared  and  the  defect  removed.  The  analysis  of 
the  measurement  is  based  on  automatic  filters  [7]  that 
signal  alarms  whenever  drift  of  anomalies  in  field  quality 
are  observed. 

Outline  of present  status  for  field  quality  and 
future  actions 

Systematic  components  of  skew  and  even  normal 
multipoles  are  currently  within  beam  dynamics  targets. 
For  b3,  b5  and  b7  the  values  are  close  to  optimal  values  to 
within  a  fraction  of  unit,  being  in  all  cases  larger  than  the 
targets.  If  the  target  values  would  be  met  at  the  end  of  the 
production,  the  machine  would  have  a  good  field  quality. 
Indeed,  being  at  the  edge  of  the  allowed  ranges,  trends 
can  drive  the  production  to  values  far  from  the  optimal 
ones  and  therefore  an  additional  corrective  action  should 
be  taken.  More  details  are  given  at  this  Conference  [5]. 

A  proposed  change  is  to  increase  the  midplane 
insulation  thickness  by  about  0.1  mm  on  both  layers.  This 
would  slightly  increase  the  pre-stress  within  the  allowed 
range  and  would  push  b3,  b5  and  b7  down  towards  safer 
values.  A  negligible  effect  is  expected  on  the  integrated 
main  field.  A  test  on  short  models  has  been  completed 
[8]. 

Random  components  are  within  specifications  with  the 
exception  of  the  b3,  which  is  presently  around  70%  larger 
than  the  specification.  This  high  value  of  the  b3  spread  is 
due  to  a  positive  trend  in  the  first  part  of  the  production 
and  to  the  correction  of  the  cross-section.  The  last  50 
collared  coils  show  a  much  lower  value  of  random  b3. 

The  integrated  main  field  [9]  exhibits  a  systematic 
difference  between  firms  of  up  to  20  units.  This  effect  can 
be  due  to  a  variation  of  coil  geometry  of  the  same  order  of 
magnitude  as  the  tolerances  (some  tens  of  microns).  The 
magnetic  length  will  be  fine  tuned  through  ferromagnetic 
laminations  in  the  ends  to  reduce  these  differences.  The 
final  aim  is  to  have  an  installation  scenario  where  mixing 
between  different  firms  is  possible. 

Other  important  design  changes 

An  important  change  proposed  in  the  last  months  and 
now  under  discussion  with  the  Manufacturers  concerns  an 
eventual  revision  (relaxation)  of  the  geometric  tolerances 
of  the  cold  masses.  These  tolerances  were  completely  re¬ 
checked  and  revised  by  all  specialists  concerned  in  their 
definition  and  achievement  (i.e.  accelerator  physics,  c.m. 
procurement,  c.m.  reception  and  cryostating,  installation 
in  the  tunnel).  If  confirmed,  this  relaxation  of  tolerance 
would  significantly  help  the  Manufacturers  to  speed-up 
and  simplifying  the  manufacturing  process. 

THERMAL  PERFORMANCES  OF  THE 
FmST  PRESERIES  PRODUCTION 

The  thermal  performance  (also  called  “quench 
performance”)  is  evaluated  by  measuring  the  number  of 
quenches  necessary  to  reach  Nominal  (8.33  T)  and 


Ultimate  (9  T)  magnetic  field  level.  The  provisional 
acceptance  criteria  require  that  the  Nominal  field  be 
exceeded  after  no  more  than  the  2"^^  quench  and  the 
Ultimate  field  after  no  more  than  the  7*  quench.  To  date, 
28  cryodipoles  have  been  fully  tested  at  CERN.  All 
cryodipoles  except  one  reached  the  Nominal  field  of 
8.33  T  after  at  most  a  2”^*  quench  (Fig,4).  The  ultimate 
field  level  after  thermal  cycle  was  reached  within:  0 
quenches  for  15  in  28  magnets,  4  quenches  for  4  magnets 
and  2  and  4  quenches  for  one  magnet.  A  detailed 
presentation  on  the  performance  achieved  by  the  first  12 
cold  masses  can  be  foxmd  in  [10]. 


Figure  4:  Thermal  (quench)  performance  of  the  first  28 
cryomagnets  to  reach  Nominal  field  of  LHC  (8.33  T). 


In  total  three  c.m.  have  shown  unrecoverable  Non 
Conformities  (appeared  during  tests  at  CERN).  In  one 
case  this  was  due  to  a  non  conforming  superconducting 
cable  which  escaped  the  QA  controls  at  the  cable 
manufacturer’s  premises  In  the  other  two  cases  the 
problems  were  affecting  the  electrical  integrity  of  the  c.m. 
In  one  case  it  was  the  cable  insulation  (a  short  circuit 
appeared  during  energization)  and  in  the  other  case  it  was 
the  integrity  of  the  connection  of  the  quench  heaters  (the 
element  that  guarantees  the  safe  discharge  of  the  magnet’s 
electromagnetic  energy  in  the  case  of  a  quench).  In  all 
three  cases  immediate  corrective  actions  were  taken,  but 
these  problems  can  be  considered  part  of  the  inevitable 
“learning  phase”  of  the  component  manufacturers  (cable 
problem)  and  cold  mass  manufacturers  (electrical 
problems). 
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Abstract 

After  the  commissioning  and  the  first  powering  of  the 
main  circuits  in  autumn  2001  in  its  shorter  version,  the 
facility  was  completed  to  a  full  cell  of  LHC  in  the  regular 
part  of  an  arc  and  commissioned  in  July  2002.  During  this 
second  run,  which  accumulated  more  than  4000  hours 
below  2  K,  a  very  dense  experimental  program  was 
carried-out  to  validate  the  final  versions  of  the  technical 
systems  and  design  choices  such  as  the  bus-bar  cables 
running  along  the  magnet  cold  masses  inside  the 
cryostats.  The  program  included  the  investigation  of 
thermo-hydraulics  of  quenches,  quench  propagation, 
power  converter  controls  and  tracking  between  power 
converters.  The  cryogenic  process  dynamics  were  studied 
in  length;  predictive  control  techniques  were  tested  and 
their  performance  assessed. 

During  a  short  shutdown  starting  in  December  2002, 
the  facility  was  stripped  of  all  instrumentation 
contributing  to  increased  heat  loads  and  heat  load 
measurements  will  be  performed  in  a  last  run  during  the 
first  half  of 2003. 

The  paper  describes  the  facility  and  details  the  results 
obtained  during  the  experimental  program. 

THE  STRING  PROGRAMME 

String  2  [1]  was  assembled  in  two  phases  starting  in 
January  2000.  It  follows  the  final  design  of  LHC  with  the 
cryogenic  helium  distribution  line  running  alongside  the 
magnets.  During  the  first  phase,  the  facility,  which 
comprised  an  electrical  feed  box,  a  half-cell  and  an 
additional  short  straight  section,  was  assembled  using 
exclusively  prototype  components  specially  instrumented 
for  the  experimental  programme.  The  three  dipoles,  which 
were  added  during  Phase  2  [2],  are  machine  worthy  pre¬ 
series  magnets.  During  Phase  2,  19  quenches  in  the  dipole 
circuit  were  provoked  and  one  training  quench  was 
observed.  The  dipoles  were  ramped  to  nominal  current 
(11850  A)  15  times.  No  natural  quench  was  observed  in 
neither  of  the  quadrupole  circuits  which  were  powered  to 
nominal  current  6  times  and  quenched  9  times. 

VALIDATIONS  AND  MEASUREMENTS 

Quench  Propagation 

The  extent  of  the  propagation  in  LHC-like  decay  times 
on  a  full  cell  was  measured  by  a  decay  time  constant  of 
100  s  like  for  the  dipole  circuit  in  an  LHC  arc;  for  this, 
the  power  converter  was  programmed  to  continue 
supplying  an  exponentially  decaying  current  after  the  first 
magnet  was  quenched.  This  was  possible  because  of  the 
robustness  of  the  converter  current  loop  (RST):  the  time 


constant  during  the  event  varied  from  1280  s  to  200  s. 
The  extent  of  the  propagation  confirms  that  it  will  be 
limited  to  a  full  cell. 


Figure  1:  Quench  propagation  experiment.  The  quench 
heaters  were  fired  on  the  last  dipole  {MB6)  and  helium 
forced  towards  the  neighbouring  dipoles.  The  propagation 
stops  before  the  last  dipole  (MBl). 

Pressure  in  the  Cold  Mass  Following  a  Quench 

The  quench  recovery  procedure  using  one  (out  of  the 
two)  relief  valve  confirmed  that  a  complete  cell  could  be 
discharged  within  the  pressure  design  limits  of  the  helium 
vessels. 
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Figure  2:  Evolution  of  the  pressure  in  the  cold  mass  after 
a  full  house  quench.  The  quench  heaters  were  fired  on  all 
dipole  and  quadrupole  magnets  simultaneously. 

Cryogenic  Process  Control 

The  highly  non-linear  nature  of  the  1.9  K  cooling  loop 
dynamics,  which  exhibits  variable  time  length  delay  and 
inverse  response,  required  the  use  of  a  more  advanced 
regulator  than  the  standard  PID  controller  to  maintain  the 
magnet  temperatures  at  the  desired  value. 

The  tuning  of  the  PID  controller  was  done  with  the 
objective  of  avoiding  undesired  oscillations  and 
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instabilities.  The  PID  performance  was  observed  to  be 
inefficient  in  terms  of  cancellation  and  recovery  of 
magnet  temperature  perturbations  from  varying  heat 
loads. 

The  implementation  of  a  hybrid  model-based  predictive 
controller  (MBPC)  with  an  internal  state  estimator  [3] 
optimized  the  heat  load  effect  treatment  in  both  excursion 
and  recovery  of  the  magnet  temperatures.  The  use  of  an 
estimator  gave  additional  valuable  information  on  the 
unmeasured  He  II  mass  present  in  the  heat  exchanger  and 
the  dynamic  heat  load  at  any  moment.  Also,  the  use  of  an 
explicit  model  of  the  process  allowed  the  controller  to 
adapt  itself  to  the  new  heat  load  condition  increasing  the 
robustness  of  the  regulator. 


Figure  3:  Hybrid  model-based  predictive  controller  versus 
optimized  PID  control  with  a  0.2  W/m  heat  load 

In  Figure  3,  the  performance  of  the  MBPC  controller  is 
compared  with  an  optimized  PID  when  a  heat  load  of  0.2 
W/m  was  applied  in  a  step.  In  both  cases  the  unavoidable 
temperature  excursion  is  seen  but  MBPC  cancels  it  earlier 
and  also  recovers  more  rapidly. 

Bus  bar  cables 

One  42  x  600  A  and  three  3x6  kA  superconducting 
cables  were  installed  in  a  50  mm  0  tube  attached  to  the 
shrinking  cylinders  of  the  main  dipole  and  quadrupole 
magnets  to  evaluate  similar  configurations  in  the  LHC. 
There,  the  cables  will  conduct  current  to  corrector 
magnets  next  to  the  quadrupoles  and  to  individually 
powered  quadrupoles  in  the  insertion  regions. 

In  a  first  series  of  tests  the  currents  in  six  out  of  the 
nine  6  kA  conductors  and  six  600  A  conductors  were 
ramped  to  nominal  current  while  the  voltage  on  the 
conductors  was  continuously  monitored  for  spikes  hinting 
at  conductor  movement.  It  was  feared  that  Lorentz  forces 
between  conductors  in  neighbouring  cables  could  lead  to 
conductor  movement  and  subsequent  quenches,  but 
during  five  ramps  to  maximal  current  no  such  event  was 
observed. 

Measurements  on  the  expansion  of  a  normal  zone  after 
a  quench  triggered  by  a  spot  heater  revealed  that  the 
behaviour  of  the  cables  in  the  limited  space  inside  the 
tubes  is  similar  to  the  behaviour  of  such  cables  in  a 


cryostat  [4,  5].  However,  transversal  quench  propagation 
to  conductors  in  adjacent  cables  was  observed  for  6  kA 
cables,  indicating  that  the  heating  of  a  normal  zone  does 
substantially  change  the  helium  environment  in  the  tube. 

The  extensive  tests  (43  provoked  quenches)  on  the 
installed  cables  gave  us  final  and  positive  results  for  the 
design,  installation  and  quench  protection  of  the  cables  in 
the  LHC  machine. 

EMC  of  all  the  components  (power  converters, 
quench  detection,  PLCs,  signal  conditioners) 

A  kicker  power  supply  and  a  dummy  load  were 
installed  in  the  area  crowded  with  power  converters, 
electronics  for  the  interlock  system,  the  quench 
protection,  the  control  of  the  switches,  the  signal 
conditioning  and  the  cryogenic  process  control.  During  a 
one  week  run,  kicker  pulses  of  varying  number  and 
voltage  were  fired  and  the  performance  of  the  other 
systems  was  monitored  to  detect  eventual  perturbations. 
The  tests  performed  with  one  generator  at  Ml  voltage  in 
the  String  represent  correctly  (di/dt  and  dv/dt)  the 
operational  conditions  of  15  generators  at  injection,  which 
is  the  most  critical  situation  in  terms  of  signal  to  noise 
ratio.  This  experiment  confirmed  the  electromagnetic 
compatibility  of  all  the  equipment  and  their 
interconnections. 

Tracking  between  the  three  main  circuits 

The  main  result  of  the  tracking  measurement  campaign 
is  reported  in  Figure  4  which  show  the  instantaneous 
value  of  the  ratio  B2/B1  obtained  for  all  runs  performed  as 
compared  to  maximum  bounds  for  the  feed-back  to  lock. 


Figure  4:  The  ratio  B2/B1  for  the  focussing  quadrupole 
plotted  as  a  function  of  the  dipole  field  along  the 
reference  current  ramp. 

The  curve  marked  feed-forward  uses  the  knowledge  of 
the  transfer  functions  as  established  on  the  test  benches. 
This  correction  compensates  well  the  difference  in  the 
high  field  saturation,  but  leaves  a  substantial  deviation  at 
low  and  intermediate  field.  This  deviation  is  mostly  due 
to  a  systematic  measurement  artefact.  Irrespective  of  its 
nature  however,  and  because  this  is  a  systematic  effect, 
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the  deviation  is  well  corrected  by  iteration  on  the 
measured  B2/B1  ratio  as  shown  by  the  curves  marked 
feed-back.  In  this  case  the  tracking  error  on  the  B2/B1 
ratio  is  definitely  inside  the  range  to  be  achieved  for  the 
tune  feed-back  system  to  lock,  and  in  fact  quite  close  to 
the  range  necessary  to  maintain  the  maximum  allowed 
tune  variation  to  within  3  x  10'^  as  dictated  by  the 
nominal  LHC  performance. 

The  optimised  current  ramp  was  sent  imchanged  in  a 
second  cycle,  with  the  aim  to  verify  the  reproducibility  of 
the  ramp.  The  result  demonstrates  that  the  reproducibility 
is  excellent. 

Quench  protection 

String  2  Phase  2  offered  the  unique  occasion  to  test,  for 
the  first  time,  an  LHC  like  quench  protection  system  on 
the  scale  of  an  LHC  full  cell.  During  installation, 
commissioning  and  operation  a  variety  of  subjects  like 
feasibility  of  the  installation,  required  functionality  as 
well  as  reliability  and  maintainability  of  the  system  were 
critically  revised.  The  outcome  confirmed  the  validity  of 
the  basic  designs  and  the  functionality  of  the  system. 
Nevertheless  a  number  of  minor  problems  were  identified 
and  already  successfully  implemented  into  the  latest 
designs  for  the  LHC  quench  protection  system.  For 
example,  the  improved  designs  of  quench  detection 
boards  and  acquisition  and  monitoring  controllers  now 
offer  an  enhanced  flmctionality  and  require  a  significantly 
lower  level  of  maintenance  than  those  currently  installed 

The  values  chosen  for  thresholds  and  discrimination 
time  for  the  main  bus-bars,  the  corrector  magnets  and 
their  connecting  bus  bars  were  sound  and  only  needed 
little  corrections  over  the  commissioning  phase.  They 
confirmed  the  calculations  of  the  quench  velocities. 

COMMISSIONING 

Procedures,  which  are  expected  to  become  the  basis  for 
the  commissioning  of  the  LHC  sectors,  were  developed 
and  tested  for  both  the  cryogenic  system  and  the  electrical 
system  as  a  whole. 

The  tests  preceding  the  powering  of  the  circuits  [6,  7] 
involved  two  phases:  during  the  first  phase  the  magnets 
and  the  power  converters  were  not  electrically  cormected 
and  were  tested  separately.  The  former,  involving  the 
magnet  side,  were  aimed  at  electrical  insulation  tests  at 
different  temperature  levels  during  the  cool  down.  Before 
the  two  sides  were  electrically  connected,  they  were 
linked  together  by  the  interlock  system  (Powering 
Interlock  System  in  LHC);  the  power  converters  were 
turned  on  and  tested  on  a  short  circuit  while  the  quench 
protection  system  was  fired  to  verify  the  sequence  of 
events.  This  was  repeated  for  every  circuit  before  the 
power  converter  was  connected  to  the  current  leads  on  the 
electrical  feed  box.  While  this  gradual  powering  is  safe,  it 
proves  to  be  lengthy. 


The  final  tuning  of  the  systems  took  place  following 
observation  of  faults  induced  by  the  operation  in  unison 
with  other  systems  (e.g.  false  quench  signals  on  the  global 
detectors  during  converter  tum-on  and  ramp-up). 

The  optimisation  of  operation  by  adapting  procedures 
to  particular  cases  also  took  place  during  this  phase  (e.g. 
avoiding  full  quench  recovery  procedures  when  auxiliary 
circuits  trip). 

The  importance  of  the  timing  of  the  commissioning 
procedures  and  their  dependence  on  temperature  did  not 
go  unnoticed:  the  commissioning  of  the  quench  detectors 
across  the  superconducting  part  (few  tens  cm)  of  a  current 
lead  was  found  to  be  very  tricky  (!)  after  the  lead  had 
been  cooled  down. 

A  better  understanding  of  the  issues  related  to  operating 
a  particular  system  and  observing  the  effects  it  can  have 
on  other  systems  took  place  during  this  phase.  This 
stimulated  the  exchange  of  information  between 
specialists. 

CONCLUSIONS 

The  String  has  proven  to  be  a  valuable  test  bed  where 
the  validations  of  the  technical  systems  required  before 
series  production  and  installation  could  be  found.  It  is  the 
experimental  setup  where  the  interplay  of  the  different 
technical  systems  could  be  observed  and  a  variety  of 
measurements  carried-out. 

It  is  thanks  to  the  String  programme  that  the  actors  who 
will  be  involved  in  the  hardware  commissioning  of  LHC 
approach  this  difficult  task  with  self  confidence  and 
enthusiasm. 
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MADE  IN  INDUSTRY 

R.  Burgmer,  H.-U.  Klein,  D.  Krischel,  B.  Schellong,  R  Schmidt,  T.  Stephani, 
ACCEL  Instruments  GmbH,  Bergisch-Gladbach,  Germany 
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Abstract 

After  the  creation  of  a  new  dedicated  factory  and  a 
period  of  technology  transfer,  ACCEL  Instruments  has 
constructed  and  delivered  the  first  LHC  main  quadrupole 
magnets  to  CERN.  The  design  of  these  magnets  had  ^en 
the  subject  of  a  close  collaboration  between  CEA-Saclay 
and  CERN.  Thus,  CEA  ensures  also  the  technology 
follow-up  for  the  fabrication  of  400  quadrupole  magnets 
and  their  cold  masses.  The  two  quadrupoles  delivered  to 
CERN  were  bare  magnets,  i.e.  magnets  not  integrated  into 
their  cold  masses.  The  purpose  was  to  verify  their 
performance  before  fabricating  full  cold  masses.  The  two 
magnets  were  tested  at  1.9  K  in  a  vertical  cryostat  at 
CERN.  For  both  magnets  the  current  could  be  ramped  up 
to  well  above  their  nominal  level  before  a  quench 
occurred.  The  second  powering  provoked  on  one  of  the 
magnets  a  quench  at  the  ultimate  level  of  excitation  and  in 
the  other  magnet  no  quench,  even  after  the  ultimate 
current  value  had  been  well  exceeded.  The  field  quality 
measurements,  as  far  as  possible  in  the  vertical  cryostat, 
confirmed  the  multipole  content  already  found  during  the 
warm  field  measurements  made  in  the  factory. 

INTRODUCTION 

The  development  and  prototyping  of  the  main 
quadrupole  magnets  for  the  LHC  has  been  treated  in 
earlier  publications.  [1],  [2],  [3].  It  had  been  the  subject  of 
a  close  collaboration  between  CERN  and  CEA-Saclay  in 
France.  After  the  signature  of  the  contract  with  the 
German  Company  ACCEL  Instruments  GmbH,  CEA 
ensures  together  with  CERN  the  technology  transfer  and 
follow  up  of  the  series  fabrication  in  a  newly  created 
factory  in  Troisdorf  near  Bonn. 

Before  integrating  any  of  the  main  quadrupoles  into 
their  cold  masses,  two  bare  magnets,  fabricated  according 
to  the  factory  established  procedures,  were  shipped  to 
CERN  for  undergoing  training  and  field  quality 
measurements  in  a  dedicated  test  facility.  These 
measurements  were  thought  to  provide  further 
confirmation  of  the  soundness  of  design,  which  had 
already  been  shown  by  the  performance  of  the  prototypes 
constructed  by  CEA-Saclay  and  tested  in  both 
laboratories,  CERN  and  CEA  [4],  [5].. 


Table  LMain  parameters  of  the  LHC  quadrupole 


Value 

Unit 

Injection  field  gradient  (0.45  TeV 

14.5 

T/m 

beam  energy) 

Nominal  field  gradient  (7  TeV 

223 

T/m 

beam  energy) 

Nominal  current 

ir870 

A 

Operating  temperature 

1.9 

K 

Magnetic  length  at  1.9  K 

3.1 

m 

Stored  energy  (both  apertures)  at 

0.79 

MJ 

7  TeV 

Ultimate  operational  field  gradient 

241 

T/m 

Gradient  at  short  sample  field  limit 

278 

T/m 

Distance  between  aperture  axis  at 

194.00 

mm 

1.9  K 

Inner  coil  diameter  at  293  K 

56.00 

mm 

Outer  coil  diameter  at  293  K 

118.60 

mm 

Contrary  to  the  main  LHC 
dipole  magnets,  the  electro¬ 
magnetic  forces  are  taken  only 
by  the  coil  collaring  system  and 
no  pre-stressing  function  is 
provided  by  the  yoke.  ACCEL 
has  made  a  number  of 
computations  and  mock-up  tests 
to  simplify  the  collar  keying 
system  from  a  three  piece  one,  as 
used  for  the  prototypes,  to  a 
single  piece  keying.  ACCEL 
could  show  that  with  this 
simplified  way  of  keying  no 
degradation,  i.e.  overstressing 
during  the  keying  in  the  press 
and  no  loss  of  final  pre-stress  has 
to  be  expected. 

While  ACCEL  took  over  the 
concept  of  most  of  the  prototype 
tools  they  developed  an  own 
highly  efficient  and  versatile 
collaring  press.  In  its  final 
configuration  the  bare  quadru¬ 
pole  magnet  together  with  the 


Fip  1*  Ouadninnle  corrector  magnets  on  both  ends 
DESIGN  FEATURES  suspended  bSore  being  inside  an 

The  main  parameters  of  the  twin  aperture  quadrupoles  inserted  into  its  vertical  which  functions  as 

are  recalled  in  table  1.  test  cryostat.  .  helium  vessel  and  as  the 

stiffening  and  alignment 


element. 
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For  transporting  and  testing  the  bare  magnets,  dedicated 
structures  had  to  be  used  which  ensured  the  solidity  of  the 
magnet,  both  in  vertical  and  horizontal  position  and 
allowed  to  suspend  it  into  the  vertical  test  cryostat  at 
CERN. 

The  first  of  the  two  magnets  was  delivered  to  CERN  in 
July  2002  and  was  tested  in  August.  The  second  one 
arrived  in  August  and  was  tested  in  October  2002. 

QUENCH  PERFORMANCE 

First  quadrupole,  MQOOl 

The  first  quench  of  the  MQOOl  occurred  at  12631 A, 
corresponding  to  a  gradient  of  237  T/m.  Analysis  of  the 
voltage  tracks  showed  unambiguously  that  the  quench  had 
been  initiated  in  one  of  the  external  cables  and  not  in  the 
coils.  In  the  light  of  this,  it  was  decided  to  modify  the  test 
program  by  reducing  the  current  ramp  rate  of  the  next 
training  quench.  That  was  meant  to  give  hints  on  the 
quench  mechanism,  as  the  first  quench  had  occurred  in  a 
very  low  field  region,  an  anomalous  location  due  to  its 
high  superconductor  margin.  The  second  current  ramp 
was  at  2  A/s  and  the  magnet  quenched  at  12808  A, 
corresponding  to  240.8  T/m.  The  third  current  ramp  was 
at  1  A/s  and  the  quench  current  was  12758  A,  239.9  T/m. 
All  the  three  quenches  were  localized  in  the  same  spot  of 
cable,  between  the  outermost  voltage  tap  and  the  current 
lead  end. 

In  case  of  overheating  of  the  bottom  end  of  the  vapour 
cooled  current  leads,  a  slower  ramp  should  have  lowered 
the  quench  current.  On  the  contrary,  a  slight  improvement 
of  the  quench  current  was  observed.  The  possibility  of 
cable  degradation  was  put  to  the  test  by  performing 
quenches  at  4.5  K.  It  appeared  that  the  critical  current  of 
the  cable  was  not  degraded,  and  this  excluded  one 
possible  cause  of  the  quenches  at  1.9  K  in  the  external 
cables.  Actually,  from  the  available  evidence  it  was  not 
possible  to  conclude  whether  the  quench  origin  was  in  the 
current  lead  or  in  the  cable  itself.  Moreover,  due  to  the 
geometrical  constraints  the  lower  end  of  the  current  leads 
had  been  slightly  modified.  Therefore,  for  future  tests,  it 
was  decided  to  add  an  intermediate  voltage  tap  to  the 
quench  detection  setup. 

Second  quadrupole  MQOOl 

At  the  first  current  ramp  to  quench,  at  10  A/s,  there  was 
a  quench  at  12476  A.  It  was  localized  in  the  series 
connection  between  the  two  apertures.  The  second  current 
ramp  was  set  at  20  A/s  and  the  magnet  reached  the 
ultimate  current  of  12860  A  without  quenching.  Then  the 
current  could  be  kept  constant  at  the  ultimate  value  for 
300  s,  which  allowed  excluding  joule  heating  as  the 
source  of  the  first  quench.  Again  the  only  quench  had 
occurred  outside  the  magnet  coils.  After  a  thermal  cycle 
to  room  temperature,  the  magnet  reached  again  the 
ultimate  current  without  quenching,  showing  100% 
memory  effect.  As  in  the  LHC  the  MQ  magnets  will  have 
to  withstand  current  ramp  rates  up  to  400  A/s,  this  mode 


of  functioning  was  also  tested  on  the  MQ002.  For  both 
decay  rates  of  up  to  400  A/s  no  quench  occurred  between 
50  and  12850  A.  Finally,  the  quench  current  at  4.5  K  was 
11439  A,  which  compares  well  with  the  11446  A  at  4.43 
K  of  the  MQOOl. 

MAGNETIC  MEASUREMENTS 

The  set  up  for  magnetic  measurements  on  MQ002  did 
not  cover  all  the  magnetic  length  of  the  main  quadrupole. 
Therefore  all  the  measurements  hereafter  are 
representative  only  of  the  2D  field  quality  in  the  straight 
part  of  the  magnet. 

The  magnetic  field  was  measured,  after  training,  as  a 
function  of  the  magnet  current  between  50  A  and  12500 
A.  As  customary,  geometric  values  are  averages  of  the 
ramp  up  and  down  branches  of  the  main  hysteresis  loops, 
evaluated  at  5000  A. 


QiTOt[A] 

Fig.  2:  Quadrupole  transfer  function 

The  values  at  injection  current  760  A  and  at  12500  A 
are  representative  of  the  persistent  currents  and  of  the  iron 
saturation  contributions  respectively.  All  measurements 
are  corrected  for  feed-down  by  zeroing  the  dipolar 
component  of  the  magnetic  field. 

-The  measured  quadrupole  transfer  function  is  shown  in 
Fig.  2. 

-The  multipole  components  at  5000  A  and  at  collision 
current  are  given  in  Tables  2  and  3. 

-  The  variation  of  the  normal  dodeca-pole  component,  b6, 
with  the  current  is  shown  in  Fig.3. 

CONCLUSIONS 

Quench  performance 

The  power  performance  of  the  two  MQ  magnets  was 
excellent,  both  having  reached  the  ultimate  gradient 
without  any  training  quench.  The  cable  critical  current  at 
4.5  K  was  found  to  be  comparable  to  the  corresponding 
values  measured  in  prototypes. 

After  thermal  cycle  the  current  of  the  MQ  002  magnet 
could  be  ramped  to  the  ultimate  value  widiout  quench. 
The  magnet  withstood  current  ramp  rates  up  to  400A/s  at 
12500  A  without  quenching. 
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Table  2:  Multipole  components  in  terms  of  relative  field 


errors  at  17  mm  in  left  aperture 


MQ^002 

Aperturel 

FIRST  RUN 

5kA  11870  A 

SECOND  RUN 

5  kA  11750  A 

b3 

0.91 

1.25 

0.97 

1.26 

a3 

2.50 

2.42 

2.70 

2.49 

b4 

0.10 

0.09 

0.07 

0.06 

a4 

-0.14 

-0.02 

-0.23 

-0.08 

b5 

-0.42 

-0.17 

-0.62 

-0.27 

a5 

1.16 

1.07 

1.14 

1.08 

b6 

3.35 

3.48 

3.33 

3.48 

a6 

0.34 

0.24 

0.39 

0.29 

b7 

0.25 

0.29 

0.28 

0.29 

a7 

0.14 

0.13 

0.11 

0.13 

b8 

0.05 

0.06 

0.05 

0.06 

a8 

-0.09 

-0.04 

-0.13 

-0.05 

b9 

-0.02 

0.00 

-0.03 

0.00 

a9 

0.09 

0.07 

0.09 

0,08 

blO 

-0.13 

-0.11 

-0.13 

-0.12 

alO 

0.01 

-0.01 

0.01 

-0.01 

bll 

0.02 

0.02 

0.03 

0.03 

all 

0.02 

0.02 

0.02 

0.02 

bl2 

-0.01 

-0.01 

-0.01 

-0.01 

al2 

-0.01 

-0.01 

-0.01 

-0.01 

bl3 

-0.01 

-0.01 

-0.02 

-0.01 

al3 

0.01 

0.01 

0.01 

0.00 

bl4 

-0.18 

-0.18 

-0.18 

-0.18 

al4 

-0.01 

-0.01 

-0.01 

-0.02 

bl5 

0.00 

0.00 

0.00 

0.00 

al5 

0.00 

0.00 

0.00 

0.00 

Table  3:  Multipole  components  in  terms  of  relative  field 


errors  at  17  mm  in  right  aperture 


MQ_002 
Aperture  2 

FIRST  RUN 

5kA  11870  A 

SECOND  RUN 

5  kA  11750  A 

b3 

-0.99 

-1.20 

0.94 

1.18 

a3 

-1.30 

-1.05 

1.46 

1.12 

b4 

1.31 

0.93 

1.52 

1.05 

a4 

0.33 

0.13 

0.71 

0.30 

b5 

0.20 

0.36 

-0.06 

-0.30 

a5 

0.20 

0.14 

-0.11 

-0.13 

b6 

3.59 

3.45 

3.68 

3.53 

a6 

0,35 

0.23 

0.49 

0.29 

b7 

-0.11 

-0.14 

0.07 

0.12 

a7 

-0.08 

-0.01 

0.09 

0.03 

b8 

-0,09 

-0.12 

-0.08 

-0.11 

a8 

0.11 

0.07 

0.12 

0.07 

b9 

-0.04 

-0.01 

0,07 

0.03 

a9 

0.11 

0.10 

-0.11 

-0.10 

blO 

-0.05 

-0.06 

-0.04 

-0.05 

alO 

-0.02 

-0.04 

0.00 

-0,03 

bll 

-0.01 

-0.02 

0.01 

0.02 

all 

0.01 

0,02 

-0.01 

-0.02 

bl2 

0.00 

0,00 

0.00 

0.00 

al2 

0.01 

0.00 

0.01 

0.00 

bl3 

0.00 

0.00 

0.00 

0.00 

al3 

0.02 

0.01 

-0,02 

-0.02 

bl4 

-0.17 

-0.18 

-0,17 

-0.17 

al4 

-0.01 

0.00 

-0.01 

-0.01 

bl5 

0.00 

0.00 

0.00 

0.00 

al5 

0.00 

0.00 

-0.01 

0.00 

Field  quality 

In  general  the  field  multipole  components  are  small. 
The  first  allowed  term,  b6,  the  dodecapole,  has  a  value  of 
3.5  units,  very  near  to  the  value  needed  to  compensate  the 
effect  of  persistent  currents  at  injection. 

The  results  of  these  tests  provide  the  confidence  that 
the  design  is  sound  and  the  series  fabrication  in  the  new 
factory  of  ACCEL  Instruments  can  be  ramped  up  in  order 
to  fabricate  all  400  main  quadmpole  magnets  of  LHC. 


0  2000  4a»  6000  8000  10000  13000 

Qin«t[A] 

Fig.  3:  Normal  dodeca-pole  in  MQ002,  b6,  versus 
current 
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INFLUENCE  OF  AZIMUTHAL  COIL  SIZE  ON  SKEW  MULTIPOLES  IN 

THE  LHC  DIPOLES 

louri  Vanenkov,  Christine  Vollinger,  CERN,  Accelerator  Technology  Division,  Geneva,  Switzerland 


Abstract 

The  field  quality  in  superconducting  accelerator 
magnets  is  strongly  influenced  by  the  azimuthal 
dimension  of  the  superconducting  coil.  Asymmetries 
between  the  upper  and  lower  poles  steer  skew  harmonics 
that  can  endanger  the  beam  dynamics  stability.  We  present 
dimensional  measurements  of  a  large  number  of  coils  that 
have  been  carried  out  in  one  of  the  three  manufacturers  of 
the  main  LHC  dipoles.  A  magneto-static  model  is  then 
used  to  work  out  the  influence  of  coil  non-nominalites  on 
field  harmonics.  Comparison  to  magnetic  measurements 
carried  out  at  room  temperature  shows  that  skew 
harmonics  can  be  partly  traced  back  to  azimuthal  coil 
dimensions.  We  focus  on  harmonics,  which  are  more 
critical  with  respect  to  the  beam  dynamics  limits  (02  and 
a^).  Finally  some  strategies  are  presented,  like  the  sorting 
of  individual  coil  poles  in  order  to  reduce  the  detrimental 
effects  on  these  multipoles. 

INTRODUCTION 

The  Large  Hadron  Collider  (LHC),  a  superconducting 
proton-proton  accelerator,  is  made  of  about  8400 
superconducting  magnet  units  of  different  types.  Among 
them,  one  has  1232  main  dipoles,  whose  15  m  long  coils 
are  held  in  place  by  austenitic  stainless  steel  collars.  The 
collars  are  surrounded  by  an  iron  yoke,  which  is 
contained  in  a  stainless  steel  shrinking  cylinder  [1]. 

The  magnetic  field  components  integrated  along  the 
dipole  length  are  described  through  the  two-dimensional 
multipolar  expansion  at  a  reference  radius  * 

"  ^ref 

where  =17  mm  and  the  and  are  the  multipolar 
coefficients.  They  are  usually  expressed  in  10^  units 
relative  to  the  main  field  Even  normal  multipoles  h2, 
b4,  ...  and  skew  components  02,03,04,...  arise  due  to  left- 
right  and  top-bottom  asymmetries  of  the  coil  geometry 
with  respect  to  the  aperture  centre.  Since  an  extremely 
high  field  quality  is  needed  for  the  storage  of  a  particle 
beam  for  many  hours,  the  relative  deviation  from  the  ideal 
field  in  the  aperture  of  a  magnet  should  be  of  the  order  of 
10^  or  less  [2].  In  superconducting  magnets,  the  field 
quality  is  determined  by  the  coil  arrangement  and  the 
position  of  the  conductors.  Manufacturing  tolerances  of 
the  order  of  0.05  mm  result  in  a  non-nominal  azimuthal 
coil  size,  thus  producing  an  up/down  asymmetry,  e.g.,  a 
shift  and  a  tilt  of  the  magnet  mid-plane.  In  the  warm 
magnetic  measurements,  such  a  mid-plane  shift  can  be 


seen  as  a  non-zero  value  of  the  skew  quadrupole  02 
whereas  a  tilt  produces  a  skew  sextupole  03.  While  there 
is  a  larger  margin  for  03,  the  LHC  beam  dynamic  limits 
are  rather  tight  for  02:  therefore,  we  restrict  our  analysis 
on  this  multipole.  Measured  data  on  coils  sizes  show  that 
a  shift  of  the  mid-plane  of  up  to  0.15  mm  is  to  be 
expected.  One  possibility  of  reducing  the  overall  spread 
of  the  coil  sizes  is  a  sorting  of  the  poles  to  minimize  the 
up/down  asymmetry.  In  this  paper  we  first  present  the 
statistical  analysis  carried  out  on  the  mechanical  and 
magnetic  measurements  data  taken  on  the  pre-series 
dipoles  of  one  manufacturer  [3,4].  We  then  discuss  a 
magneto-static  model  used  to  give  the  dependence  of  02 
on  the  mid-plane  shift  and  the  correlations  between 
mechanical  and  magnetic  measurements.  Finally,  results 
fi*om  optimized  coil  sizes  that  could  be  achieved  by 
applying  the  sorting  algorithm  are  presented. 

AZIMUTHAL  COIL  SIZE 
MEASUREMENTS 

The  measurements  of  the  azimuthal  coil  sizes  and  of 
the  equivalent  modulus  of  elasticity  give  important 
information  for  the  analysis  of  the  dipole  field  quality. 
The  size  of  the  coil  could  vary  due  to  dimensional 
tolerances  of  the  individual  coil  components  (see  for 
instance  [5]  for  copper  wedges  analysis)  or  tolerances  in 
the  tooling  and  they  are  measured  with  a  precision  of  ± 
0.01  mm.  At  the  dipole  manufacturers,  coils  are  measured 
by  means  of  the  so-called  Pole  Measuring  Machines 
(PMM).  Since  each  one  of  three  dipole  contractors  is 
equipped  with  a  different  type  of  PMM,  no  direct  cross¬ 
analysis  is  carried  out.  However,  during  the  dipole 
manufacturing  each  coil  layer  or  pole  is  measured  in 
several  longitudinal  positions  delivering  a  large  amount  of 
raw  data,  which  is  treated  in  a  standard  way  for  all  the 
companies  before  it  is  transferred  into  the  CERN 
database. 

In  order  to  standardize  the  data  post-processing  and 
speedup  the  data  exchange  between  companies  and 
CERN,  the  Collared  Coil  Database  software  package 
(CCD)  was  developed  at  CERN  and  installed  at  each 
dipole  manufacturer  site.  The  core  of  CCD  package  is  a 
database  (MS  Access)  that  includes  a  facility  to  exchange 
the  data  with  CERN  via  e-mail.  For  each  PMM,  the 
package  includes  a  post-processor  application  (Lab VIEW 
6i),  which  treats  the  raw  data  on  coil  size  measurements 
and  does  an  automated  upload  of  the  treated  data  into  the 
database.  The  CCD  package  also  includes  a  data-viewer 
(Lab VIEW  6i)  that  allows  a  follow-up  to  be  carried  out  by 
the  project  engineers  either  at  the  companies  or  at  CERN. 
The  viewer  also  includes  an  optimization  tool  to  do  a 
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pairing  of  the  magnet  poles  for  a  minimization  of  the 
unwanted  up/down  asymmetry. 

The  coil  size  measurements  of  the  pre-series  magnets 
showed  that  due  to  the  tolerances  on  the  coil  components, 
mostly  the  insulation  of  the  cable,  the  coil  size  varies  in 
the  range  of  +/-  0.2  mm  (see  fig.l).  This  coil  size 
variation  is  random  and  thus  can  induce  large  differences 
in  the  azimuthal  dimensions  of  the  upper  and  lower  pole 
within  one  aperture.  As  an  example,  in  figure  1  the  inner 
layer  coil  size  in  the  collared  coil  no.  15  shows  a 
difference  between  the  size  of  the  upper  pole  (pole  1)  and 
the  lower  pole  size  (pole  2)  of  0.15  mm!  A  similar  bad 
case  is  observed  for  the  collared  coil  no.  17.  In  this  graph, 
each  point  is  the  average  of  coils  size  measured  in  18 
positions  along  the  coil,  4  points  is  a  set  of  poles  that 
belong  to  one  collared  coil. 
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Figure  1:  Azimuthal  coil  size  deviation  with  respect  to 
the  nominal  size  for  a  set  of  40  magnets  built  by 
manufacturer  1. 

MAGNETIC  MEASUREMENTS 

All  the  LHC  dipoles  will  be  tested  for  magnetic  field 
quality  at  300  K:  a  first  test  is  carried  out  after  the 
collaring  and  a  second  one  after  the  yoke  assembly  is 
completed  and  the  outer  cylinder  welded.  The  magnetic 
measurement  of  the  collared  coils  is  an  essential  tool  for 
the  control  and  the  steering  of  the  dipole  field  quality 
during  the  mass  production  [4].  Results  are  screened  to 
detect  assembly  errors  and  are  then  compared  to  beam 
dynamics  targets  to  check  if  corrective  actions  are 
necessary. 

Beam  dynamics  targets  are  based  on  the  integrated 
values  along  the  magnet  axis,  since  local  variations  are 
negligible  for  circulating  particles.  These  values  are  given 
in  terms  of  systematic  (average  over  1232  dipoles)  and 
random  (standard  deviation  over  1232  dipoles).  The 
systematic  must  fit  within  a  range,  and  the  random  must 
be  lower  than  the  target.  The  values  are  summarized  in 
Table  1. 

One  can  observe  that  random  components  are  within 
targets  in  all  cases,  being  the  case  in  which  we  are 
closer  to  the  tolerance.  Moreover,  the  measured  random 
of  02  {1.9  units)  in  the  aperture  1  of  the  pre-series  magnets 
of  manufacturer  1  is  larger  then  the  random  target. 
Therefore,  for  this  company  the  analysis  of  the  influence 


of  coil  size  tolerances  on  the  skew  quadrupole  are  carried 
out  and  an  improvement  is  proposed. 


Table  1 :  Measured  skew  multipoles  versus  beam 
dynamics  targets.  _ _ _ 


04 

Random  target 

1.6 

0.7 

0.50 

Random  measured 

1.3 

0.4 

0.28 

Systematic  Max 

1.3 

1.9 

0.13 

Systematic  Min 

-0.8 

-1.6 

-0.16 

Systematic  Meas. 

0.0 

-0.1 

0.02 

MAGNETOSTATIC  MODEL 

The  coils  of  the  LHC  main  dipole  magnet  are  wound  of  a 
Rutherford  type  cable,  containing  28  and  36  wires  on  the 
inner  and  the  outer  coil  layer,  respectively.  Between  the 
coil  blocks,  copper  wedges  are  inserted  to  produce  a 
sufficient  field  quality  in  the  magnet  aperture,  since  the 
trapezoidal  shape  of  the  cable  is  not  sufficient  to  build  a 
circular  inner  alignment,  when  wound  on  a  mandrel  (see 
fig.  2).  Compared  to  the  superconducting  cable  and  the 
cable  insulation,  these  wedges  are  rather  rigid  and  define 
the  coil  cross-section.  At  the  same  time,  the  outer  coil 
shape  is  determined  by  the  inner  contour  of  the  collars. 
Although  collar  deformations  take  place,  since  they  are 
up/down  symmetric  and  they  do  not  contribute  to  skew 
multipoles,  we  can  neglect  them  for  our  analysis. 

The  influence  of  different  azimuthal  coil  sizes  on  skew 
multipoles  has  been  modelled  applying  the  above  quoted 
approximations  using  a  magneto-static  code  [6],  Due  to 
the  hypothesis  on  the  rigidity  of  the  collars,  points  1-4  in 
fig.  2  are  fixed,  and  the  inner  and  the  outer  width  of  the 
cable  {Wi  and  are  varied  to  produce  a  difference 
between  the  upper  and  lower  pole  azimuthal  size.  The 
shape  of  the  copper  wedges  is  also  preserved. 


Figure  2:  Inner  layer  mid-plane  shift  due  the  coil  size 
difference  between  upper  and  lower  pole. 

Table  2  shows  the  calculated  changes  of  the  skew 
multipoles  02  and  04  due  to  shifts  in  the  mid-plane  of  0.05, 
0.10  and  0.15  mm.  The  values  correspond  to  a  smaller 
upper  pole,  which  means  that  the  mid-plane  is  shifted 
upwards.  One  finds  a  linear  dependence  of  the  multipoles 
on  the  mid-plane  shift.  The  inner  and  the  outer  layer  have 
been  calculated  separately:  as  expected,  in  general,  the 
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multipoles  are  more  sensitive  to  shifts  on  the  inner  layer. 
The  total  effect  can  be  obtained  by  superposition  of  the 
contribution  of  the  individual  layers. 


Table  2:  Calculated  effect  of  a  mid-plane  shift  on  skew 
multipoles.  _ _ 


Mid-plane 

Inner  layer 

Outer  layer 

shift 

Sa2 

Sa4 

3a2 

604 

0.05  mm 

-2.67 

-0.38 

-1.56 

-0.11 

0.1  mm 

-5.30 

-0.77 

-3.16 

-0.20 

0.15  mm 

-7.95 

-1.07 

-4.69 

-0.36 

manufacturers.  This  could  limit  the  pole  pairing  only  if 
the  stock  of  poles  is  small. 
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Figure  4:  Effect  of  poles  sorting  on  random  of  a2  and  . 


CORRELATIONS 

From  cross-analysis  of  data  on  magnetic  and  coil  size 
measurements,  some  correlation  between  the  expected  a2 
due  to  coil  mid-plane  shift  and  the  measured  values  can 
be  observed  (see  fig.  3). 
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Figure  5;  Effect  of  poles  sorting  on  mid-plane  shift  value. 

CONCLUSIONS 
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Figure  3:  Measured  and  estimated  a2  resulting  from  the 
expected  coil  mid-plane  shifts  in  the  magnets  of 
manufacturer  1 . 

In  this  graph  the  data  belongs  to  the  magnets,  which  are 
collared  without  sorting  of  their  poles.  The  fact  that  the 
correlation  factor  is  only  0.61  indicates  that  not  only  the 
difference  in  coil  sizes  but  also  other  factors  (such  as  a  re¬ 
distribution  of  the  current  density  within  a  coil  arc  due  to 
tolerances  of  coil  components)  is  contributing  to  these 
harmonics.  For  the  last  9  magnets  the  manufacturer  1  has 
applied  the  sorting  of  poles  within  one  set  of  poles  and 
this  already  reduced  the  sigma  on  02  from  1.9  to  1.5  (see 
fig.  4).  This  was  sufficient  to  reach  the  target  value  of  1.6. 
At  the  time  of  writing  this  paper,  more  magnets  were 
assembled  following  coils  sorting  procedure  and  the 
sigma  on  a2  was  decreased  even  more.  It  is  clear  that  if  a 
bigger  stock  of  poles  is  used,  a  safety  margin  could  be 
added.  In  case  of  a  stock  with  12  poles,  which  becomes 
realistic  when  the  companies  move  into  series  production 
scale,  the  effect  on  sorting  becomes  even  more  efficient 
(see  fig. 5).  It  should  be  noticed,  that  the  sorting  of  the 
poles  might  be  limited  in  some  cases  due  to  constraints  in 
the  mix  of  the  cables  produced  by  different 


A  model  was  developed  to  compute  the  effect  of 
azimuthal  coil  size  variation  on  the  skew  qudrupole  and 
skew  octupole  of  superconducting  LHC  dipole.  The 
model  was  applied  to  the  data  on  coil  sizes  of  one  dipole 
manufacturer.  Some  correlation  was  observed  between 
measured  and  expected  multipole  coefficients. 

A  sorting  of  coils  procedure,  introduced  at  one  of  the 
dipole  manufacturer,  shown  that  it  is  a  good  method  to 
reduce  the  random  of  02  mutipole.  Dedicated  software 
was  developed  and  introduced  to  the  dipole  manufacturer 
to  follow  the  coil  size  trends  and  simplify  the  procedure 
of  sorting  the  poles. 
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Abstract 

The  damping-dominated  beam  dynamics  of  the  CESR 
storage  ring  modified  to  operate  in  the  1.5-3  GeV  en¬ 
ergy  range  impose  unique  and  stringent  design  specifica¬ 
tions  on  the  1.3-m-long  superconducting  wiggler  magnets 
which  provide  the  necessary  damping.  A  superferric  7- 
pole  wiggler  magnet  which  meets  these  design  specifica¬ 
tions  has  been  designed,  built  and  tested  in  situ.  Studies 
of  finite-element  models  and  particle-tracking  simulations 
have  shown  that  that  an  8-pole  model  of  similar  design  will 
provide  improved  consistency  in  transfer  functions  when 
operated  at  peak  fields  which  differ  from  the  primary  de¬ 
sign  value. 

INTRODUCTION 

The  e'*'e“  collider  CESR  at  Cornell  University  is 
presently  undergoing  an  upgrade  which  will  permit  studies 
of  charmed  hadron  decays  with  unprecedented  statistical 
accuracy  [1].  The  requisite  luminosity  at  the  beam  energy 
of  1.5-3  GeV  relies  on  control  of  the  emittance  and  on  the 
reduction  of  damping  time  afforded  by  the  introduction  of 
superconducting  wiggler  magnets  with  peak  fields  reach¬ 
ing  2.1  Tesla.  Over  the  past  several  years,  the  CESR  op¬ 
erations  group  has  undertaken  extensive  engineering  stud¬ 
ies  [2,  3].  During  the  past  year,  six  wiggler  magnets  have 
been  built  and  tested  [4, 5].  One  wiggler  has  been  installed 
in  CESR,  and  a  beam-based  characterization  of  its  prop¬ 
erties  has  been  carried  out  [6].  Lattice  designs  based  on 
symplectic  particle-tracking  algorithms  [7]  have  been  de¬ 
veloped.  We  report  here  on  the  accuracy  obtained  with 
finite-element-based  field  calculation  algorithms,  compar¬ 
ing  the  results  to  field  measurements.  We  also  discuss  wig¬ 
gler  design  considerations  in  relation  to  calculated  transfer 
functions. 

FIELD  CALCULATIONS 

The  wiggler  magnets  are  1 .3  m  long,  23.8  cm  wide,  with 
a  vertical  gap  of  7.62  cm  which  accommodates  a  beam 
pipe  with  horizontal  and  vertical  apertures  of  9  and  5  cm. 
The  horizontal  uniformity  of  2  x  10“^  in  the  vertical  field 
component  over  ±4  cm  is  obtained  via  6-cm-wide  rectan¬ 
gular  cutouts  in  the  pole  faces  with  depths  ranging  from 
3.5  mm  to  5.5  mm  depending  on  the  pole  length  and  its  field 
strength.  Two  7-pole  wigglers  with  slightly  different  coil 
types  and  four  8-pole  wigglers  have  been  built  and  tested. 
Detailed  information  on  the  three  wiggler  designs  is  given 
in  Table  1.  The  longitudinally  symmetric  field  of  the  7-pole 
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model  uses  the  two  15-cm-long  end  poles  to  cancel  the  kick 
of  the  20-cm-long  central  pole,  while  the  asymmetry  of  the 
8-pole  design  ensures  zero  kick  to  within  constmction  tol¬ 
erances.  Trim  coils  in  the  end  poles  allow  adjustment  of 
the  first  and  second  field  integrals.  The  wiggler  field  cal¬ 
culations  were  performed  using  the  MERMAID  3D  pack¬ 
age  and  the  magnetostatics  portion  of  the  OPERA  (version 
8.5  size  3)  [8]  software  package.  Exploiting  the  three-fold 
symmetry  of  the  ideal  geometry,  1/8  models  were  used 
for  the  highest  accuracy  fields.  Full  3-dimensional  mod¬ 
els  were  used  in  the  study  of  geometrical  construction  er¬ 
rors.  The  finite-element  mesh  size  was  limited  to  a  max¬ 
imum  of  1  cm  the  magnet  steel.  The  more  detailed  per¬ 
meability  data  available  in  MERMAID  for  1010  steel  was 
ported  to  the  OPERA  software  for  these  calculations.  Dur¬ 
ing  the  model  development  stage  of  the  project,  contribu¬ 
tions  to  the  field  from  the  magnetized  iron  were  calculated 
via  finite-element  interpolation,  while  the  current  contri¬ 
butions  were  obtained  from  integrals  over  the  current  ele¬ 
ments.  The  final  accuracy  of  the  calculation  was  obtained 
by  using  the  integral  method  for  each  contribution.  Each  of 
the  two  contributions  makes  up  about  half  of  the  peak  field 
in  these  superferric  magnets. 

FIELD  MEASUREMENTS 

Detailed  field  map  measurements  providing  information 
on  field  uniformity  at  a  level  better  than  10  G  for  the  ver¬ 
tical  field  component  were  obtained  using  a  motor-driven 
Hall  probe.  Flip-coil  measurements  [5]  were  used  to  obtain 
accurate  information  on  the  horizontal  and  vertical  field 
components  integrated  along  straight  lines  over  the  length 
of  the  wiggler.  The  integrals  of  the  vertical  field  component 
for  several  excitation  levels  for  the  second  of  the  two  7- 
pole  wiggler  magnets  are  shown  in  Fig.  1.  Figure  2  shows 
these  integrals  for  the  first  of  the  four  8-pole  wigglers. 
The  greater  dependence  on  excitation  exhibited  by  the  7- 
pole  design  results  from  the  fact  that  the  end  pole  fields 
compensate  the  central  pole  field.  Since  the  peak  field  in 
the  end  poles  is  smaller,  saturation  effects  result  in  such 
a  dependence.  The  asymmetric  field  of  the  8-pole  design 
avoids  this  dependence.  However,  since  a  single  current 
source  is  used  for  the  end-pole  trim  coils  in  both  models, 
this  first  integral  cannot  be  controlled  with  the  trim  current 
in  the  8-pole  design,  and  depends  critically  on  construction 
tolerances.  The  value  of  the  first  integral  for  all  four  of 
the  8-pole  wigglers  was  measured  to  be  less  than  3  G-m. 
The  8-pole  design  employs  the  trim  coils  to  adjust  the  sec¬ 
ond  integral,  which  is  related  to  beam  displacement.  The 
trim  current  in  the  7-pole  design  can  be  used  to  minimize 
the  first  integral  and  the  kick.  Construction  tolerances  then 


0-7803-773  8-9/03/$  17.00  ©  2003  IEEE 


1954 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Table  1:  CESR-c  wiggler  geometrical  parameters  and  operating  currents  for  2.1  T  peak  field 


Wiggler#!  (7-pole: 

_ _ 1 

Pole  Length 

Nr 

Main  Current 

Main  T\xras 

Main  Width 

Trim  Current 

Trim  Turns 

Trim  Width 

(cm) 

(Amp-turns) 

(cm) 

(Amp-turns) 

(cm) 

20 

5 

— 

— 

— 

15 

2 

0.86k 

663 

0.909 

Wiggler  #2  (7-pole 

1 

20 

5 

660 

— 

— 

— 

15 

2 

396 

4.569k 

684 

0.965 

1  Wigglers  #3- #6  (8-pole)  1 

20 

4 

660 

- ; 

— 

— 

15 

2 

660 

— 

' - 

— 

10 

2 

352 

1.354 

0,993k 

836 

1.186 

Figure  1 :  Flip-coil  measurements  of  the  integral  of  the  ver¬ 
tical  field  component  for  the  second  of  the  two  7-pole  wig- 
glers  as  a  function  of  horizontal  entrance  position  in  units 
of  Gauss-meters. 


Figure  2;  Flip-coil  measurements  of  the  integral  of  the  ver¬ 
tical  field  component  for  the  first  of  the  four  8-pole  wig- 
glers  as  a  function  of  horizontal  entrance  position  in  units 
of  Gauss-meters. 


determine  the  value  of  the  second  integral.  The  second  in¬ 
tegral  for  the  two  7-pole  wigglers  was  measured  to  be  less 
than  3  G-m^,  which  corresponds  to  a  displacement  of  ap¬ 
proximately  0.05  mm  for  a  1.8  GeV  beam.  In  either  de¬ 
sign,  the  dynamic  effect  on  the  beam  displacement  can  be 
reduced  to  well  below  0.1  mm,  and  so  did  not  influence 
design  decisions. 

The  flip-coil  measurements  also  quantified  the  residual 
integral  of  the  horizontal  field  component,  which  has  the 
effect  of  a  skew  quadrupole  field  in  the  case  of  a  linear 
horizontal  dependence.  Figures  3  and  4  show  the  mea¬ 
surements  for  the  7-  and  8-pole  wigglers.  Field  calcu¬ 
lations  of  geometrical  errors  within  fabrication  tolerances 
showed  effects  of  this  magnitude  must  come  from  a  combi¬ 
nation  of  sources.  The  combined  effect  was  small  enough 
that  a  small  skew  quadrupole  magnet  sufficed  to  provide 
the  desired  correction  during  CESR  operation  with  the  first 
wiggler  installed  in  the  ring.  Space  for  additional  skew 
quadrupole  magnets  has  been  provided  for  in  the  final 
CESR-c  design  if  they  turn  out  to  be  needed.  It  is  inter¬ 


esting  to  note  that  the  effect  is  much  smaller  in  the  8-pole 
design,  even  though  the  excitation  dependence  observed  in 
Fig.  3  for  the  7-pole  design  is  quite  weak. 

CALCULATED  TRANSFER  FUNCTIONS 

The  relationship  between  the  field  integrals  and  the 
transfer  functions  is  complicated  by  the  dynamic  effect  of 
the  wiggling  trajectory,  which  results  in  vertical  focusing 
and  horizontal  kicks  which  depend  on  particle  energy  and 
entrance  position.  The  horizontal  kick  for  normal  inci¬ 
dence  in  the  horizontal  symmetry  plane  as  a  function  of 
entrance  position  for  1.8  GeV  electrons  as  calculated  with 
the  OPERA  tracking  algorithm  is  shown  in  Fig.  5.  The  re¬ 
sults  are  consistent  with  the  MERMAID  tracking  algorithm 
tracking  through  the  MERMAID-calculated  field  to  an  ac¬ 
curacy  better  than  10  fiTod  over  rb  3.0  cm.  This  level  of  ac¬ 
curacy  was  also  obtained  with  Runge-Kutta,  symplectic  in¬ 
tegration  and  Taylor-tracking  as  described  in  Ref.  [7].  The 
variation  of  the  horizontal  kick  with  horizontal  entrance  po¬ 
sition  is  observed  to  be  equal  within  10  //rad  for  the  7-  and 
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Figure  3:  Flip-coil  measurenaents  of  the  integral  of  the  hor¬ 
izontal  field  component  for  the  second  of  the  two  7-pole 
wigglers  as  a  function  of  horizontal  entrance  position  in 
units  of  Gauss-meters. 


Figure  4:  Flip-coil  measurements  of  the  integral  of  the  hor¬ 
izontal  field  component  for  the  first  of  the  four  8-pole  wig¬ 
glers  as  a  function  of  horizontal  entrance  position  in  units 
of  Gauss-meters. 


8-pole  models.  The  8-pole  model  shows  less  dependence 
on  excitation,  consistent  with  the  flip-coil  measurements 
described  above. 

The  transverse  motion  of  the  wiggling  trajectory  through 
the  longitudinal  component  of  the  wiggler  field  results  in  a 
vertical  focusing  effect.  The  tracking  calculations  showed 
the  cubic  term  in  the  vertical  dependence  of  the  vertical 
kick  to  be  stronger  in  the  8-pole  design  than  in  the  7-pole 
design  by  2.2%  for  a  peak  field  of  1 .7  T,  4.2%  for  1 .9  T  and 
5.5%  for  2.  IT. 

Beam-based  measurements  of  tune  as  a  function  of  beam 
position  in  the  wiggler  proved  consistent  with  these  cal¬ 
culated  transfer  functions  for  peak  fields  of  1.9  T  and 
2.1  T  [6]. 


x(cm) 

Figure  5:  Horizontal  kick  as  a  function  of  horizontal  en¬ 
trance  position  for  1.8  GeV  electrons  of  perpendicular  in¬ 
cidence.  Results  for  peak  fields  of  1.7  T,  1.9  T  and  2.1  T 
are  shown  for  the  first  7-pole  wiggler  design  and  the  8-pole 
design.  Curves  connect  the  points  for  the  8-pole  model. 

CONCLUSIONS 

Six  superconducting  wiggler  magnets  that  meet  the  de¬ 
sign  specifications  of  the  CESR-c  upgrade  have  been  de¬ 
signed,  built  and  tested.  Field  maps  and  transfer  functions 
of  sufficient  accuracy  have  been  obtained  independently 
with  various  software  packages  and  computational  algo¬ 
rithms.  Such  construction  uniformity  was  achieved  as  to 
allow  an  8-pole  model  to  be  implemented  without  necessi¬ 
tating  a  second  trim  coil  power  supply.  The  8-pole  model 
exhibits  a  smaller  skew  quadrupole  component  and  will  al¬ 
low  an  increased  range  of  excitation  adjustment  for  tuning 
purposes  during  CESR-c  beam  studies  and  luminosity  op¬ 
timization.  Ten  more  wigglers  of  the  8-pole  design  will 
be  built  during  the  coming  year  with  the  goal  of  installing 
eight  of  them  in  CESR  in  2004. 
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SHORT-PERIOD  SC  UNDULATOR 

A.  Mikhailichenko,  Cornell  University,  LEPP,  Ithaca  NY  14853,  USA 

Abstract^ 


We  describe  here  design  of  short  period  helical  undulator 
with  SC  windings.  2mm  period,  K~0.12  undulator  can  be 
used  in  positron  production  scheme.  Results  of  test  of  6 
in-length  prototype  cold  mass  is  represented  also. 

INTRODUCTION 

Polarization  in  future  linear  collider  recognized  as  a 
factor  increasing  collisions  rate,  effective  polarization  and 
as  an  instrument  for  drastic  reduction  of  background 
especially  if  both  electron  and  positron  bunches  are 
polarized.  Method  for  polarized  positron  production  was 
suggested  many  years  ago  [1].  At  first  stage  circularly 
polarized  high-energy  gammas  generated  in  a  short  period 
helical  undulator  by  (used)  high-energy  beam  after 
collision.  At  second  stage  these  circularly  polarized 
gammas  converted  into  positrons/electrons  in  a  thin 
target.  Energy  selection  of  secondary  particles  delivers 
polarization  to  the  beam  as  a  result  of  transferring 
polarization  of  gammas  to  the  secondary  particles  at  high- 
edge  of  energy  spectrum.  Polarization  with  this  method 
can  reach  65-70%  with  -130  m  long  undulator. 

Cold  mass  of  undulator  with  superconducting  coils 
having  period  of  1  cm,  -30  cm-long  with  -6  mm  aperture 
clearance,  was  successfully  tested  in  a  framework  of 
VLEPP  linear  collider  activity  [2],  [3].  Field  of  -0.5  T 
was  measured  at  the  axis.  The  design  was  recommended 
for  future  LC  application  practically  without  any  changes 
required. 

New  growing  interest  to  this  subject  was  indicated  at 
last  LC02  [4],  [5].  Publication  [4]  now  grew  up  into 
proposal  for  E-166  experiment  at  SLAC  [6],  carried  by 
international  community.  One  other  potential  utilization 
of  polarized  positrons  -arrangement  collisions  in  SLAC 
B-factory  is  also  connected  with  undulator-based  positron 
generation.  Here  -4-m  long  undulator  allow  generation 
necessary  amounts  for  normal  operation  of  B-Factory  [7]. 
SC  can  be  used  in  future  Linear  Collider  full-scale 
project.  Nice  advantage  of  SC  undulator  is  that  its 
functionality  does  not  depend  on  repetition  rate. 

Main  point  of  concern  for  small  aperture  undulator  is 
operational  stability  of  SC  coil  while  few  kW  high-energy 
beams  is  running  within  2mm  from  cold  walls.  So  in  this 
case  manufacturing  and  testing  section  of  SC  undulator  is 
necessaiy. 

For  successful  operation  of  conversion  system, 
undulator-having >1-1.3x10'^ periods  required.  In  any 
case  this  undulator  will  be  manufactured  as  relatively 
short  sections  of  -2-m  long. 


^  Extended  version  is  available  at 
http://www.lns.comell.edu/Dublic/CBN/2003/CBN03- 
4/CBN03  4.pdf. 


CRYOSTAT 

Cryostat  serves  as  housing  for  cold  mass  core.  The 
cryostat  sketch  is  represented  in  Fig.l.  2-meter  long 
module  will  be  able  to  work  with  ciyocooler  having  1.5W 
power  at  LHe  temperature  and  -40  W  at  50°K.  It  also 
allows  operation  with  filling  by  LHe  directly  trough  the 
input  9  in  fig.l.  In  this  case  cryocooler  can  operate  too  or 
can  be  replaced  by  LN  cylindrical  container. 

Main  support  of  long  cold  mass,  having  -U  in 
diameter  and  length  -4  m,  is  going  with  suspension 
elements  shown  in  Fig.2.  As  the  cold  mass  is  light 
weighted  this  solution  allows  good  control  of  position  of 
axis. 


Figure  1 :  Cryostat  for  2  m-long  module.  1-is  a  cold  mass, 
2-HTS  leads,  3-Cryocooler,  4-end  region,  see  Fig.2,  5-is 
suspension  elements,  Fig.2,  6-are  coaxial  Al-StSteel 
cylinders,  7-is  intermediate  50°K  temperature  shield,  8-is 
a  vacuumed  corps,  9-is  filling  tubing  for  operation  with 
filled  liquid  He.  All  responsible  spaces  interlaced  by 
superinsulation.  Full  height  of  cryocooler  is  21.9  T . 

These  suspension  straps  made  from  composite  glass 
fibers  impregnated  and  cured  with  epoxy  (Fiberglass). 
These  straps  are  commercially  available  in  broad  variety 
of  sizes. 

Central  support  unit  made  with  few  coaxial  cylinders  with 
two  A1  ones  among  them.  For  the  heat  flow  all  the  length 
is  working  in  series.  For  the  lengthening  the  thermal 
expansion  coefficients  of  A1  and  StSteel  are  woiicing  one 
against  other,  like  in  gridiron  pendulum. 

Total  heat  losses  calculated  remains  formally  below 
0.5W,  however  to  get  some  operational  margins  the 
cryocooler  with  1.5W  at  4.2°K  and  40  W  at  50®K  chosen 
for  testing  device  (Model  RDK-415D  from  Janis  Co.). 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 
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Maintenance  interval  -lOkHours  is  big  enough  to 
accomplish  any  experiment.  As  it  was  mentioned  full- 
scale  undulator  will  work  with  LHe  supply. 


4 


Figure  2:  Suspension  system  and  end  of  cryostat,  circled 
in  Fig.l.  Left:  1-is  a  cold  mass,  2-is  a  copper  collar,  3-are 
suspension  straps,  4-is  two  phase  He  tube,  5-is  a  50°K 
shield,  6-is  a  vacuumed  corpus,  7-is  a  stretching 
mechanism  and  heat  lock.  Right:  1-is  a  cold  mass,  2-is  a 
76®K-shield,  3-is  an  aligning  cylinder,  4-tapered  diameter 
transformer,  5-is  a  flange. 

COLD  MASS  WITH  1-cm  PERIOD 

As  we  mentioned  in  introduction  the  cold  mass  was 
tested  in  framework  of  VLEPP  activity.  Suggested  that 
cooling  can  be  arranged  by  flow  of  LH  in  gaps  between 
yoke. 

Yoke  helix  was  machined  in  -10-cm  long  sections.  After 
trimming  these  pieces  soldered  by  Indium  to  the  tube,  so 
it  is  going  without  brakes. 

Heat  losses  due  to  imaginary  currents  can  be  evaluated 
forA’  =  10^®,  bunch  length  =0.001  ^  1mm  one  can 

obtain  W  =  3.27  •  10“^  J.  For  repetition  rate/  Hz  and  for 
the  number  on  bunches  in  train  «,  average  power 
dissipation  will  be  P  s  IT  •  / .  w  Watts,  remaining  within 
mW  level.  As  the  chamber  has  temperature  of  liquid  He, 
this  resistance  must  be  lowered  at  least  --1 00  times. 


It  was  shown  in  [2]  that  thermal  relaxation  of  core  cooled 
by  flowing  Helium  could  be  described  by  space  and  time 
parameters  k  =  l0cm ,  r  =  22.45* . 

Measurement  in  this  model  was  carried  with  a  help  of 
Hall  probe  moved  along  the  axis  in  liquid  Helium. 
Maximal  current  was  -6  kAx  turns  (marked  by  *).  With 
present  day  wires  available  on  market  all  parameters  for 
total  current  above  6  kAx  turns  in  Table  lean  be 
guaranteed. 


Figure  4:  30  cm-long  superconducting  undulator  with 
period  10  mm  and  the  axis  field  5  kG.  Diameter  of 
StSteel  chamber  is  6  mm,  wall  thickness  0.1mm. 


Figure  3:  (Color)  Yoke  of  6  mm  in  aperture,  10-mm 
period  of  undulator  with  SC  wires  [2].  At  the  left  vertical 
cut  made  for  better  look  inside.  Colored  red  and  blue 
helical  yokes  made  fi*om  soft  steel.  Half  cylinders, 
covering  yoke  are  not  shown. 

2.4  mm  PERIOD  MODEL  TEST 

Technology  tested  can  be  scaled  down  to  a  shorter 
period  required  for  possible  test  (or  implementation,  [7]) 
at  SLAC.  A  '-six  inches  long  model  prototype  with  period 
2.42  mm  having  all  peculiarities  of  full  length  one  was 
tested  [9]. 


Figure  4:  SC  undulator  model.  Iron  cylindrical  shield  for 
end  trimming  and  ring  jumper  are  visible  here.  One  end  of 
undulator  has  Copper  jacket  of  '-12mm  in  diameter  hides 
soft  iron  semi-cylinders  having  diameter  --9.8  mm. 

We  used  here  the  stainless  steel  tube  of  1.5  mm  in 
diameter  with  the  wall  thickness  of  0.3  mm  as  a  vacuum 
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chamber.  The  goals  of  the  work  done  were  to  see  if 
technology  can  be  useful  for  scaling  down  all  dimensions 
and  to  investigate  if  any  sign  of  degradation  of  the  wire  is 
present,  as  the  bending  radius  is  small. 

The  winding  done  with  pair  of  SC  wires  interlaced  by 
soft-steel  ones  with  the  help  of  cylindrical  director  made 
on  GIO.  SC  wire  has  0.6mm  in  diameter-  standard 
OXFORD  54  filament  wire  insulated  by  Formvar, 
Undulator  model  was  tested  in  a  Dewar  filled  for  the 
Cornell  LEPP  wiggler  coil  test  set  in  parasitic  mode  [9]. 

Field  measurement  in  such  small  aperture  is  a  problem. 
However  the  axis  field  module  is  a  constant  along  the 
undulator.  Measuring  integrated  value  with  scalar  probe 
will  give  the  value  of  axis  field.  So  here  the  magneto¬ 
resistive  sensors  as  a  Bismuth  wire  can  be  used  [10]. 


Figure  5:  (Color)  End  commutation.  Red  ring  is  a  SC  wire 
circled  and  soldered  with  Indium  to  the  Copper  ring. 
Green  cylinder  at  the  right  made  with  two  halves. 
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Figure  6:  (Color)  End  field  with  conical  expansion  and 
trimming  magnetic  cylinder.  Period  -2mm. 

In  Dewar  tests  we  reached  the  current  '-SlOA  which  is 
close  to  the  short  sample  limit.  The  field  at  the  axis, 
according  to  calculations,  reaches  --0.34T,  K  parameter, 
respectively,  goes  to  -0.08.  The  field  amplitude  between 
SC  wires  reaches  -2.3 T  in  specific  points  inside  the  wire. 
The  field  was  calculated  with  3D  code  MERMAID. 
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FOR  54  FILAMENT  SUPERCONDUCTOR  (NbTI  IN  Cu  MATRIX) 


Figxire  7:  Properties  of  the  SC  wire.  Loading  curve  for  the 
points  with  highest  field  is  represented  as  a  solid  line. 

With  the  tube  having  OD=  1.0668  mm,  as  planned, 
parameters  we  expect  to  reach  with  current  500  A  current 
the  field  at  the  axis-0.54T  and  K=  0.12.  In  final  design 
we  also  are  considered  utilization  of  soft  steel  wire  with 
rectangular  shape,  giving  additional  10%  to  the  field  at 
the  axis.  Filling  epoxy  mixed  with  iron-like  powder 
(ferrite),  can  also  give  additional  -10%  percent  in  field 
strength  at  the  axis. 

CONCLUSIONS 

The  cryostat  described  can  accommodate  any  core  with 
short-period  undulator.  Utilization  of  such  SC  undulator 
might  bring  significant  relief  in  operational  cost  of  linear 
collider. 

Cold  mass  of  helical  SC  undulator  having  1-cm  period 
and  6  mm  aperture  clearance  was  successfully  tested 
years  ago.  No  doubt,  that  technology  can  be  successfully 
used  for  full-scale  wiggler  with  0.8-1  cm  period  and 
-100-130  m  long. 

Six-inch  long  model  of  undulator  cold  mass  with  2.4  mm 
period  was  manufactured  and  tested  in  Dewar. 

There  are  no  apparent  limitations  in  scaling  this 
technology  even  more  down  with  appropriate  tube  and 
wire  diameters  down  to  period  of  O.lmm  and  K-0.05  . 
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IMPROVEMENT  OF  SC  WIGGLER  PERFORMANCE. 

A.  Mikhailichenko,  Cornell  University,  LEPP,  Ithaca  NY  14853,  USA 


Abstract^ 

Described  is  a  methodology  of  improvement  for  good 
field  region  in  a  SC  2.1  T  CESR’s  wiggler  as  example. 
The  method  includes  a  tapering,  shimming  and  pole  face 
winding  with  active  field  distribution  correction.  This 
technology  can  be  applied  to  any  wiggler,  however. 

INTRODUCTION 

Development  of  SC  wigglers  at  Cornell  LEPP  was 
initiated  by  proposal  considered  to  modernize  the  CESR 
for  the  low  energy  operation  [1].  About  16  meters  total  of 
'-2.1  T  wigglers  will  bring  CESR-c  to  10^^  level  in 
luminosity.  With  installation  and  testing  the  first  wiggler 
in  CESR,  the  job  started  more  than  2  years  ago  [2,  3] 

came  to  its  end.  In  first  run  luminosity  Z,  >  10^^  achieved 
at  W,  gives  assurance,  that  program  can  be  accomplished. 

Here  the  goal  is  to  increase  emittance  in  contrast  to  the 
goal  clamed  for  the  damping-ring  in  LC:  as  low  emittance 
as  possible. 

It  was  shown  in  [3],  that  physical  nature  of  appearance 
of  octupole  (and  higher)  type  dependence  of  kick  versus 
vertical  displacement  is  in  wiggling  with  angle  in  the  pole 
fringe  field. 

The  methods  found  might  be  interesting  to  others  and 
now  everyone  can  apply  them  to  his  own  wiggler  design. 

OPTIMAL  DIMENSIONS 

Wiggler  for  CESR  operation  at  2  GeV  was  described  in 
[2,  3].  All  calculations  carried  with  3D  code  MERMAID. 
Period  was  chosen  '  =  AQcm .  For  =  2cm , 

=6.37cw,  the  ratio  of  cubic  term  to  linear  one  goes 

to  be  -0.0164  or  1.6%.  Quadrupole  lenses  typically 
designed  with  this  ratio  -  ten  times  better,  however. 

The  height  was  chosen  equal  to  =  14.5  cm.  It  is  slightly 
below  the  saturation,  but  saved  about  one  inch  of  steel, 
lowering  field  on  -5%  only. 

Loading  curve  is  chosen  so  that  designed  current  is 
-half  corresponding  crossing  with  the  wire  property  one. 
Technology  is  described  in  [5].  To  prevent  coil 
destruction  initiated  by  quench,  passive  resistors  attached 
to  each  coil  was  suggested  [2]  as  simplest  solution. 

Wiggler  acts  in  one  direction  mostly,  providing  vertical 
focusing.  That  is  why  it  is  difficult  to  keep  orbit  closed,  as 
the  wiggling  amplitude  is  also  changes  with  vertical 
position.  Maximal  field  corresponds  to  the  coil  which 
width  is  twice  the  height.  Finally  the  coil  cross  section 
was  chosen  with  cross  section  s  I'^x  0.75"  for  simplicity 
of  winding. 


^  Extended  version  is  available  at 
http://www.lns.comell.edu/nublic/CBN/20Q3/CBNQ3- 
3/CBN03  3.pdf.  Work  supported  by  NSF. 


Evolution  of  temperature  inside  the  coil  defined  by  heat- 
skin  layer  depth,  which  for  -1cm  thickness  gives  time 
constant  T -100ms,  mostly  defined  by  parameters  of 
epoxy. 


Figure  1:  Dimensions  of  40-cw  period  7-pole  wiggler  #1, 
Wiggler  #2  and  all  others  have  660  turns  of  0.8-mm 
OXFORD  wire  in  main  coil.  A-tums  remain  the  same. 


TAPERING 

Tapering,  or  variation  in  field  strength  along  the 
wiggler,  used  when  there  is  a  desire  to  have  zero  (or  any) 
average  displacement  of  trajectory  in  a  wiggler. 
Although  it  is  likely  evident,  it  was  mentioned  first  in  [6] 
however,  that  end  poles  with  fields  integrals  !4,  -Va,  +1  of 
regular  one  gives  zero  displacement  of  trajectory.  If 
periods  are  the  same  these  numbers  reflect  the  field 
strengths  at  each  pole. 

This  is  not  the  only  solution,  however.  Let  us  consider 
the  series  of  odd  numbers  with  reversing  signs  as 

1, -  3,  +5, - 7,  +9,...  (-  1)^ {2k-  1),  ^=0,1,2,3,...  (1) 

Let  these  numbers  will  represent  now  the  nominators  of 
fractions  of  the  field  integrals  for  each  pole  normalized  to 
the  maximal  one  in  regular  part  of  wiggler.  So  the  next 
pole  after  m,  supposed  to  be  a  main  one,  must  have  the 
value  counted  as  (27«+l)+l,  just  one  unit  more,  and 
opposite  sign.  Now  one  can  obtain,  that  full  integral  over 
all  wiggler  will  be 

S(m)  =  2  (2k +\)-(-\r(2m+2)sQ. 

One  can  also  find  that  hO.  This  means  that  the 

field  first  and  second  integrals  over  all  wiggler  are  zero. 
For  example  series  as  +1/8,  -  3/8  ,  +5/8,  -  7/8,  +1,  [n(- 
1,+1)],  -  7/8,  +5/8,  -  3/8,  +1/8  ,  where  flections  stand 
normalized  to  central  pole  integral,  will  also  give  zero 
angle  and  displacement.  One  can  easily  find  the  sequence 
of  tapering  for  6,  8,  10,  12,  14,  16,...  ,  Fig.  2,  and  so  on 
poles. 

We  called  this  adiabatic  entrance. 

Once  particle  entered  into  wiggler  with  such  tapering 
and  began  its  oscillations  following  -sinusoidal  trajectory, 
there  are  two  ways  out.  First  is  a  symmetrical  exit,  when 
the  sign  of  deflection  in  the  last  pole  is  the  same  as  during 
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entrance,  and  the  second  one  is  asymmetric  one,  when  the 
kick  is  going  in  opposite  direction.  Obviously  in  first  case 
the  total  number  of  poles  is  odd,  in  second  case  it  is  even. 

One  disadvantage  associated  with  tapering  is  a  necessity 
to  have  few  different  types  of  coils.  However  adiabatic 
entrance  is  useful  for  helical  undulators  having  very  short 
period  for  example,  as  exact  managing  the  pole  strength  at 
the  end  is  not  an  easy  task. 


i  :  ! !  '  I 


9.37 


Figure  2:  Trajectory  of  particle  in  a  wiggler  with  tapering 
-1/16,  -3/16, +5/16,  -7/16,  +9/16,  -11/16,  +13/16,  -15/16, 
+1.  Doublet  of  quadrupoles  envelops  wiggler  from  each 
side.  Same  period. 

Seven-pole  wiggler  was  made  with  tapering  *4,  -1.  This 
gives  displacement  zlsX^A'/^^what  is  amplitude  of 

wiggling  but  this,  first,  supposed  to  reduce  the  coil  types 
to  two  only  and  to  have  maximal  period  for  reduction  of 
nonlinearities.  For  eight-pole  wiggler  tapering  is  %,  %,  1. 
Knowing  the  fields  and  having  tracking  code  in  hand  one 
can  investigate  properties  of  wiggler  model  dynamically 
by  tracking.  For  tracking  special  code  was  used  [4].  This 
code  used  the  field  map  obtained  from  MERMAID. 
Kicks,  obtained  by  particles  running  across  aperture  with 
different  x  -  coordinate  remain  in  ±  50//rad  for  all  fields 
and  not  correlated  with  integrals  along  straight  lines. 

SfflMMING 

To  reduce  nonlinear  effects  the  pole  top  field  must  be 
as  flat  as  possible.  The  old  fashion  way  as  shimming  is 
also  working  here,  despite  the  iron  is  deeply  saturated. 

Poles  having  length  20  cm,  15cm  and  10  cm  were 
developed  during  these  years,  Fig.  3.  The  10  cm  poles 
successfully  used  in  3-pole  model  [5]  and  are  in  use  in  8- 
pole  one.  Width  of  the  deeps  was  chosen  as  a  half  of  all 
pole  width  and  with  simplest  shape. 

POLE  FACE  WINDINGS 

Next  step  in  flattering  is  active  correction.  So  if  one  puts 
a  coil  on  the  pole  surface  it  will  generate  the  dipole, 
sextupole...  field  with  the  same  symmetry.  So  as  adjusting 
main  current  can  neutralize  the  dipole  field  change,  this 
coil  can  be  considered  as  a  source  of  sex:tupole.  Lowering 
at  the  center  is  an  ideal  place  for  positioning  this 
correction  coil. 

For  winding  the  SC  wire  with  (1.0 17”  diameter  was 
used.  This  dimension  includes  Capton  tape  wrapping  and 
Bonadll  impregnation.  After  winding  form  with  coil  was 
heated  -200°C  and  after  cool  down  a  solid  coil  obtained. 
The  coil  having  100  turns  will  require  the  feeding  current 
of 400/100=4  A  only.  Poles  with  coils  wounded  and  cured 
on  the  pole  attached  to  the  steel  plate  (Fig.l)  enveloped  by 
stainless  steel  cover. 


Figure  3:  20  cm,  15  and  10  cm  poles  developed  for 


Figure  4:  Pole  with  trim  coil  inserted  into  the  lowering 
in  groove  made  in  GIO  insertion. 


Hold  across,  trim  coB 


Figure  5:  Field  across  the  pole  as  a  function  of  current  in 
trim  coil.I=0(up);0.1;0,4;0.5;l  kA  Main  feeding  current  is 
95  kA/pole.  Material  of  thQ  pole  is  annealed  Steel  1010. 
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MEASUREMENTS 

To  the  moment  six  wigglers  total  were  measured  so  far. 
Two  of  theses  have  seven-pole  structure,  four  others 
eight-pole  ones.  Measurements  were  carried  with  Hall 
probe  device  F.W.Bell  6010  series.  The  difference  in 
readings  at  the  same  points  are  less  that  5G  during  the 
time  of  measurements.  The  readings  stay  within 

^  1.25  •  lO””^  for  all  measurements. 

Number  of  longitudinal  points  is  1060,  going  through 
1/16".  Signal  acquired  at  every  point  becomes  written  to 
the  file  (having  1060  data  rows).  Each  of  these  files 
marked  in  association  with  transverse  position  of  Hall 
probe  in  cartridge,  direction  of  motion  of  the  cartridge, 
data,  when  taken.  Slots  in  cartridge  have  transverse  period 
0.625  cm,  so  mostly  deflected  from  center  ones  running  at 
±  3.75  off  central  line. 


Figure  6:  Hall  probe  cartridge  assembly  cross-section.  1  is 
the  warm  copper  vacuum  chamber  with  dimensions  in 
inches,  2  is  aluminum  rail,  3  is  a  cartrige  with  slots  for 
Hall  probe,  4  is  holding  profile,  5  is  a  shaft  with  1/16” 
thread,  6  represent  alignment  fixtures.  Slots  are  numbered 
as  they  appear  in  the  file  descriptor. 


Figure  7:  Measured  longitudinal  distribution  for  seven  and 
eight  pole  wigglers. 


According  to  formulas  [3]  the  eight-pole  wiggler 
generates  7.68/6.3  =  1.22  times  more  strong  integrated 
cubic  vertical  nonlinearity  than  a  seven-pole  one.  The 
difference  between  calculated  and  measured  values  can  be 
estimated  as  50G  in  absolute  value.  Measurements 
conclude  with  a  series  of  files  with  measured  data  along 
lines  defined  by  position  of  Hall  probe  in  a  cartridge. 

CONCLUSIONS 

MERMAID  demonstrated  excellent  possibilities  for 
optimization  and  wiggler  design. 

Tapering  in  a  wiggler  allows  having  zero  displacement 
of  trajectory.  It  might  be  vital  for  wigglers  with  even 
number  of  poles,  as  trajectory  sweeps  only  -half  of 
transverse  coordinate  swept  without  tapering.  This  king  of 
procedure  can  be  recommended  for  TESLA  damping  ring. 


as  one  can  see  from  publications,  that  they  use  even 
number  of  poles  without  proper  tapering. 

We  represented  here  for  the  first  time  the  possible 
tapering  laws  for  zero  displacement  of  orbit  in  a  wiggler. 

Flatness  of  the  poles  need  to  be  kept  as  plane  as 
possible.  This  can  be  done  either  with  profiling  iron, 
either  with  active  pole  face  winding. 

Measurements  with  long  coils  can  be  considered  as 
indicative  only,  as  they  are  not  related  directly  to  dynamic 
properties  of  the  wiggler.  Mapping  with  Hall  probe  can  be 
considered  acceptable  within  accuracy  -10'^.  With  special 
probes  having  microchip  with  calibration,  this  can  be 
lowered  in  half.  Such  probes  are  available  on  the  market 
now. 

Implementation  of  trim  coils  integrated  with  end  poles 
of  wiggler  is  extremely  useful  for  fine-tuning. 

Nonlinearities  in  a  wiggler  strictly  correlated  with 
period,  reversibly  proportional  to  its  square  and 
proportionally  to  the  square  of  magnetic  field. 

In  CESR  wigglers  the  width  of  poles,  24  cm  were  made 
maximal  possible  and  was  defined  by  the  diameter  of 
Dewar,  available  at  that  moment. 

Pole  face  windings  can  be  recommended  for  widening 
dynamic  diapason. 

Steel  properties  for  room  temperature  deliver  rather 
good  approximation  for  such  ones  at  liquid  Helium 
temperature. 


REFERENCES 

[1]  CLEO-c  AND  CESR-c:  A  new  Frontier  of  Weak  and 
Strong  Interactions,  CLNS  01/1742,  Cornell  2001. 
G.Codner,  et  al,  “Parameters  for  Low  Energy 
operation  of  CESR”,  PAC2001,  Chicago,  IL  June  18- 
22,  2001,  Proceedings  pp.374-376. 

[2]  A.  Mikhailichenko,  “Wiggler  for  CESR  operation  at  2 

GeV”,  Internal  report,  Cornell, 

http://cesrelog.lns.comell.edu/documents/charm/para 
m/am010122.pdf.  Cornell  U.,  2000. 

[3]  A.  Mikhailichenko,  “Optimized  Wiggler  Magnet  for 
CESR”,  PAC2001,  Chicago,  IL,  June  18-22,  2001, 
Proc.,  pp.  3648-3650. 

A.  Mikhailichenko,  “The  Wiggler  for  a  Damping 
Ring”,  LC02,  Feb.  4-8,  SLAC,  Stanford,  CA,  2002. 

[4]  G.Dudnikova,  V.Vshivkov,  K.Vshivkov,  UMKA-VG, 
Institute  of  Computation  Technologies,  Lab.  of 
Plasma  Physics,  Siberian  Branch  of  RAN. 

[5]  A.  Mikhailichenko,  T.  Moore,  “Lessons  from  3-poie 
wiggler  test”,  CBN  01-18,  Cornell,  LEPP,  2001. 

[6]  A.  A.  Mikhailichenko,  V.V.  Parkhomchuk,  “Damping 

Ring  for  a  Linear  Collider”,  BINP  Preprint  91-79, 
Novosibirsk,  1991. 


1962 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


TO  THE  RADIATION  OF  PARTICLES  IN  A  SOLENOID 

A.  Mikhailichenko,  Cornell  University,  LEPP,  Ithaca  NY  14853,  USA 
E.  Bessonov,  FIAN,  Moscow,  Russia 


Abstract 

We  attract  attention  that  the  well  known  law  of 
radiation  during  motion  in  solenoid,  allowing  transverse 
momentum  loss  independently  from  its  longitudinal  one, 
can  be  used  effectively  for  cooling  of  charged  particles 
beams  practically  not  dependently  of  theirs  energy. 


INTRODUCTION 

It  is  well  known  that  the  force  due  to  radiation  reaction 
to  the  particle  directed  along  the  instant  particle’s  velocity 
and  can  be  expressed  as  the  following  [1] 

where  e  and  m  are  the  electron  charge  and  mass 
respectively,  c  is  a  speed  of  light,  n  is  imit  vector 
directed  along  the  instant  particle’s  velocity  «  =  v/|v|, 


=  (with  Aj^  as  components  of  4- 

vector  of  potential)  are  components  of  4-tensor  of 
electromagnetic  field,  -  {c,v}  is  4-vector  of  particle’s 
velocity.  This  expression  (1)  can  be  represented  in  3- 
components  as  the  following 

-M.=. 


F  =-2iV 
3  mV 


- 


V 


•V,  (2) 


where  E,  H  are  electric  and  magnetic  fields  respectively. 
One  can  see  that  in  absence  of  electric  field  the  force 

F  ^0  only  if  vxH  ^0 ,  or  only  for  transverse  to  the 
speed  components. 

The  circumstance  that  the  particle’s  friction  force 
opposes  the  instant  velocity  yields  the  requirements  of 
radiation  particle’s  energy  in  full  to  reduce  the  transverse 
momentum  while  longitudinal  one  is  compensated  by  RF 
cavity.  By  this  way  the  temperature  of  electron  beam 
associated  with  transverse  moment  is  lowering  in  a 
damping  ring  at  the  cost  of  radiation  the  full  energy  of 
particle.  Even  in  extreme  case  of  energy  losses  in  a  single 
act,  the  transverse  emittance  might  be  reduced  on  expense 
of  full  energy  loss  [2]. 

One  other  important  circumstance  associated  with  the 
fact  that  devices  supposed  to  force  the  radiation  process 
installed  in  the  damping  ring  are  likely  with  transverse 
dipole  fields,  such  as  wigglers  or  bending  magnets.  They 
still  force  the  radiation  with  the  same  rate  even  for  the 
beams  having  zero  transverse  temperature. 

Meanwhile  the  energy  associated  with  transverse 
momentum  itself  is  much  less,  than  the  full  one.  So  desire 
to  operate  somehow  only  with  transverse  component  of 
full  momentum  was  a  subject  of  interest  since  the 


synchrotron  radiation  limit  in  synchrotron  was  predicted 
in  [3]. 

In  [4]  an  attempt  was  made  to  consider  radiation  in 
focusing  channel  of  linear  collider.  In  [5]  more 
fundamental  consideration  of  the  radiation  in  focusing 
channel  was  made,  As  the  focusing  channel  is  a  system  of 
focusing/defocusing  quadrupoles  having  gradient  ±  G(z) 
installed  with  period  2;rX^ ,  the  radiation  here  have  all 
peculiarities  of  undulator  radiation  with  imdulatority 
factor  f mc^  where  local  magnetic  field 

=  G^x  defined  by  instant  amplitude  x(z)  of 
oscillations  in  the  channel.  Radiation  is  going  on 
harmonics  defined  by  period  of  focusing/defocusing 
lenses  shrunken  by  Doppler  effect  in  factor 
[6].  The  length  of  formation  of  radiation  with  wavelength 
A  as  always  /y- =  2A/^  =  2;rXy .  In  this  focusing 

channel  radiation  is  absent  for  particles  running  at  the  axis 
(having  low  transverse  temperature).  The  particle  here 
must  radiate  however  it’s  all  energy  as  the  focusing  field 
is  transverse.  As  the  amplitude  is  decreasing,  the  power  of 
radiation  drops  significantly. 

All  these  considerations  are  important  in  attempt  to 
reach  extreme  temperatures,  in  particular  temperatures 
when  the  beam  trapped  in  focusing  channel  can  be 
considered  as  degenerated  Fermi-gas  [7]. 

Meanwhile  in  [8,9]  there  were  considered  radiation  in  a 
solenoidal  field  as  example  in  each  case.  In  both  cases 
was  indicated,  that  particle  could  lose  its  transverse 
moment  without  affecting  its  longitudinal  one.  In  this 
sense  the  solenoidal  field  in  any  circumstances  cannot  be 
considered  as  a  limit  of  any  kind  of  focusing  system  with 
quadrupoles. 

In  this  publication  we  are  investigating  briefly  this 
peculiarity  from  the  point  of  possible  utilization  for  the 
cooling  beams  for  lowering  temperature.  We  found  that 
the  rates  of  cooling  might  be  interesting. 


LOW  OF  MOTION  IN  MOVING 
SYSTEM  OF  REFERENCE 


Let  us  remind  first  the  radiation  law  for  relativistic 
particle  in  solenoidal  field. 

In  the  coordinate  system  moving  with  average  velocity 
of  an  electron,  particles  njpve  along  helical  trajectory  with 
instant  radius  R  =  (Fig.l^ 

The  intensity  of  radiation  by  elecirbh  is 


3  me  3 


(3) 


where  primes  denote  quantities  calculated  in  the  moving 
system  of  reference:  v'  is  the  electron’s  velocity, 
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P’-Vic,  f  -s* I mc^  ,  s'  is  the 

electron’s  instant  energy.  It  was  substituted  here  also 
rg-e^/mc^  -classical  electron  radius.  For  ions  an 
evident  substitution  need  to  be  done:  e->Ze,m-^  AM , 
where  Z  -is  the  charge  of  ion  and  A-  it’s  atomic  number. 

The  time  dependence  of  the  electron  energy  is 
described  by  the  equation  = -7 ,  which  can  be 
represented  in  the  form  [1] 


This  equation  has  the  solution 


me 


r  = 


sinh\a  •  (f  -  /q  )] + Y'q  ^osh 

1 

cosh[a  •  (?  -  /q  )] + /o  sink 

1 

■ 

(5) 


where  flf  =  tC77Vwcsl.94xl0"®77'[G].  One  can  see 


that  at  the  initial  moment  t  —  the  energy  /  =  /q  .  In 
the  limit  t-tQ  ->oo  the  value 


Figure  1 :  Projection  of  the  particle’s  trajectory  to  the 
transverse  plane. 


Time  dependence  of  the  gamma  for  two  different  initial 
values  is  represented  in  Fig.2.  The  damping  of  the  energy 
and  amplitudes  of  electron  oscillations  in  the  magnetic 
field  in  the  non-relativistic  case  described  by  exponential 
function.  In  the  ultra  relativistic  case  /q  » 1 ,  according 
to  (3)  they  decay  independently  on  theirs  initial  energy  as 
rX,»i  ,-,o»o  =ctgh[ait-t^)]  . 

One  can  see,  that  equilibrium  value  reaches  practically 
independently  of  its  initial  values.  In  the  non-relativistic 

case  kinetic  energy  T  =  mc^{y'-\)  changes  according  to 
(5)  as 

J'  ^  J’ 

So  the  damping  time  according  to  (6)  goes  to 
1  __  3mc  ^2.58-10® 

^  2a  4r^H^  ~  H^[G]  ' 

We  have  considered  the  process  of  the  energy  loss  in 
the  moving  system.  In  the  laboratory  system  the  damping 

time  will  be  higher,  r  =  ,  where  =1/^1-^|^  ,  , 

;'ll  are  the  relative  longitudinal  velocity  and  relative 

longitudinal  relativistic  factor  in  the  laboratory  coordinate 
system. 


(6) 

(7) 


0.8  1  1.5  2  t.S  9 


Figure  2:  as  a  function  of  normalized  time  t /(2a) 
for  two  different  initial  values  y'o  =2  and  y^  =  5. 


Usually  the  relative  energy  y  and  the  transverse 
relative  velocity  are  given  in  the  laboratory 

coordinate  system.  That  is  why  the  relative  longitudinal 
velocity  y^y  and  relativistic  factor  can  be  expressed 

through  these  values,  /y  =  yl^\-P^y^  .  The  velocity 


This  yields  the  damping  time  in  the  laboratory 
coordinate  system  to  be 


3me  y 


(8) 


In  the  laboratory  coordinate  system  the  electron  moves 
along  special  drill  spiral  of  the  radius 


72  =  72'  = 


me 


yjy^^  “1  ,  ^  >l2me^ 

y-\«\ = 


eH  ^  eH 

Let  us  estimate  the  damping  times  however.  For 
longitudinal  field  in  solenoid  as  high  as  100  kG,  (7)  yields 

t'  =  2.58  •  10“^  s  in  the  rest  frame.  For  a  50  MeV  beam 
the  time  constant  goes  according  to  (8)  to  r  =  2.6  s.  If  we 


suggest  that  the  solenoid  has  the  length  L^^^-lOOw  and 
the  rest  length  of  the  ring  is  about  the  same 

length,  one  can  obtain  that  the  number  of  turns  for  cooling 
will  need  to  be 

turns  =  /( koi  +  kest >>  s  2cT / L,,,  s  2. 3  •  lO'  tuHis. 


ENTERING  CONDITIONS 

Let  us  say  a  little  about  possible  adjustment  of  the 
injection  into  solenoidal  field.  The  trajectory  of  the 
electron  drawn  at  the  Fig.l  corresponds  to  the  case  when 
the  electron  enters  the  solenoid  with  zero  initial  polar 
angle  with  some  vertical  deviation  from  the  axis.  In  more 
general  axisymmetrical  case  let  us  first  mention  that 
equation  divB  -  0  yields 


r  J  dz 


(10) 
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So  the  angular  momentum  defined  simply  by  Bush’s 
theorem 

Ap^(z)s-  \zH^dt  =  --  = 

^  -1  ^  -i  0  ’  ^ 

The  same  formula  describes  the  change  of  the  transverse 
momentum  at  the  out  end  of  solenoid,  but  with  in 
formula  for  flux.  Without  radiation  the  total  change  of 
transverse  momentum  is  zero.  As  the  dipole  radiation 
carries  polarization  the  particle  will  decrease  some 
transverse  momentum.  This  is  a  sequence  of  the  fact  that 
the  center  of  helix  is  shifted  from  radial  position  required 
by  <p>=  pH  for  exit  without  angular  moment.  The 
coil  of  solenoid  will  accept  the  angular  momentum  arising 
at  the  entrance  and  the  exit  of  solenoid. 

The  final  position  of  the  electron  corresponds  to  the 
case  when  its  deviation  from  the  axis  of  solenoid  is  equal 
to  the  half  of  the  initial  one.  If  we  will  focus  the  electron 
beam  on  the  axis  of  the  solenoid  then  the  initial  conditions 
of  all  electrons  will  be  such  that  they  will  rotate  relative 
the  solenoid  axis  and  will  tend  to  its  axis. 


Figure  3:  Entrance  into  solenoid.  Short  solenoid  has  focal 
point  in  front  of  the  main  one.  Manipulating  by  polarity, 
location  and  strength  of  short  trim  pre-solenoid  one  can 
adjust  the  entering  conditions. 


For  the  initial  values  as  the  entrance  of  the  solenoid  in 
Lab  system  as  Xq,  Xq,  yo>  i'o  obtain  the  trajectory 

averaged  values  as  [10] 

<:c>=^+^,  <_y>=_^+A  (12) 

1  a,  „  to„  1  ’  ^  ’ 

where  =  eH  /  y  me .  So  for  shrinkage  to  the  central 

axis  the  right  parts  of  these  expressions  must  be  zero.  So 
with  arrangement  of  crossover  in  the  focal  point  of 
solenoidal  edge  one  can  expect  that  the  beam  will  shrink 
to  the  axis  line.  This  condition  is  not  important  in  the 
terms  of  damping  rate  and  principle  described,  however. 

From  the  technical  point  of  view  the  transferring 
envelope  function  from  the  part  with  focusing  quads  the 
symmetrical  values  required  by  solenoid  can  be  easily 
arranged  by  shifting  the  last  quad  to  the  half  of  period,  for 
example. 

In  publication  [11]  described  a  ring  for  electron  cooling 
of  positrons.  This  ring  has  long  solenoids  and  particle 
dynamics  considered  there.  However  SR  is  not  included 
into  consideration. 


CONCLUSION 

In  general  the  problem  under  discussion  is  a  problem  of 
thermal  relaxation  near  temperature  of  degeneration  for 
relativistic  beam  with  radiation  and  collisions  in 


solenoidal  field.  We  considered  here  only  a  small  firaction 
of  the  problem.  Even  so  the  utilization  of  long  solenoids 
in  damping  rings  has  visible  potential. 

High  magnetic  field  required  can  be  generated  with  the 
help  of  SC  coil.  Low  emittance  of  the  beam  allows 
smaller  diameter  of  the  clearance,  so  the  energy  stored  in 
solenoid  can  be  made  not  high. 

One  can  cool  the  beams  having  low  energy 
proportionally  decreasing  the  damping  time  in  Lab 
system. 

Cooling  in  solenoidal  field  allows  natural  solution  to 
the  cooling  of  polarized  particles.  This  is  in  contrast  to 
usual  scheme  with  dipole  wigglers,  which  destroys 
polarization  if  adequate  measures  are  not  applied;  say  by 
arrangements  a  transverse  orientation  of  the  spin  in  the 
region  of  the  wiggler,  or  using  asymmetric  wigglers. 

Natural  orientation  of  spin  along  axes  of  solenoid 
preserves  it  during  cooling. 

Damping  times  remain  in  second  range,  so  the  few 
bunches  must  circulate  in  the  ring.  The  lowest 
temperature  in  the  cooler  with  solenoid  can  reach 
extremes  required  for  degeneration  however. 
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Abstract 

The  Advanced  Hydrotest  Facility,  under  study  by 
LANL,  uses  large-bore  superconducting  quadrupole 
magnets.  In  the  paper  we  discuss  the  conceptual  design  of 
such  quadrupoles  using  active  shielding.  The  magnets  are 
specified  to  achieve  gradients  of  up  to  24  T/m  with  a  28- 
cm  warm  bore  and  to  have  0.01%  field  quality.  Concepts 
for  quench  protection  and  the  magnet  cryosystems  are 
also  briefly  discussed  to  confirm  the  viability  of  the 
proposed  design. 

INTRODUCTION 

The  LANL  Advanced  Hydrotest  Facility  (AHF)  [1]  uses 
large-bore  superconducting  (SC)  quadrupole  magnets  to 
image  protons  for  radiography  of  fast  events  [2].  Since  12 
imaging  lines  converge  on  the  object  to  be  radiographed 
[3],  size  limitations  are  an  important  consideration  as  is 
magnetic  coupling  between  lines.  The  pre-conceptual 
magnetic  analysis  of  warm  yoke,  cold  iron-core  and  active 
shield  versions  was  described  in  [4].  In  this  paper  we 
investigate  an  active  shielding  version,  a  very  promising 
approach  for  this  application.  The  quadrupoles  have  two 
concentric  windings  connected  in  series  and  configured  so 
that  the  outer  winding  effectively  eliminates  the  outer 
fringing  magnetic  field.  This  design  also  eliminates 
problems  connected  with  a  warm  or  cold  ferromagnetic 
core.  The  active  shielding  eliminates  fringing  fields  and 
Lorentz  forces  between  adjacent  quadrupoles  and  reduces 
magnet  weight  and  size. 

Imaging  lenses  consist  of  several  large-bore 
quadrupoles,  which  can  either  be  wired  in  series  using 
common  current  leads,  or  be  powered  separately.  With 
the  large  number  of  magnets  in  the  system,  Hi-Tc  current 
leads  are  preferred  [5].  Cold  masses  might  be  cooled  with 
forced-flow  supercritical  helium  [6],  or  alternatively  with 
pool-boiling  helium  [7].  The  first  approach  is  widely 
used  in  accelerators,  the  second  one  in  MRI,  SC 
spectrometers,  etc.  Brief  discussion  of  both  options,  and  a 
preliminary  quench  analysis  is  presented  in  this  paper. 

QUADRUPOLE  DESIGN 

Specification  and  Parameters 

In  order  to  meet  the  imaging  system  requirements  for 
AHF,  the  focusing  quadrupole  magnets  should  satisfy  the 
criteria  presented  in  Table  1  [8].  In  addition,  due  to  the 
limited  space,  the  magnets  should  generate  a  minimum 
fringe  field  outside  to  avoid  interaction  between  magnets 
in  the  doublets  and  adjacent  strings. 


Table  1.  Magnet  parameters 


Parameter 

Small¬ 

bore 

Large- 

bore 

Operating  gradient,  T/m 

24.15 

13.18 

Magnetic  length,  m 

3.0 

4.3 

Reference  radius  R^f .  mm 

113.4 

241.3 

Field  quality  at  R^f 

<10“ 

<10“ 

Main  coil  inner  radius,  mm 

170.0 

322.0 

Screen  coil  inner  radius,  mm 

276.0 

513.5 

Iron  screen  inner  radius,  mm 

345.0 

595,0 

Iron  screen  thickness,  mm 

10,0 

10.0 

Number  of  turns  in  the  main  coil 

232 

508 

Number  of  turns  in  the  shield  coil 

104 

220 

Coil  area,  cm^ 

174.4 

378.0 

Operating  current,  kA 

14,10 

11.77 

Quench  gradient  with  NbTi,  T/m 

28,25 

15.80 

Quench  current  with  NbTi,  kA 

16.49 

14.11 

Peak  field  in  the  coil,  T 

6.1 

6.3 

Inductance,  mH/m 

9.91 

49.41 

Nominal  stored  energy,  kJ/m 

985.4 

3420.7 

Max.  field  in  the  iron  screen,  T 

0.4 

0.2 

Design  Concept 

The  quadrupole  design  is  based  on  the  active  shielding 
concept,  in  which  the  return  flux  from  the  main  winding  is 
suppressed  using  another  winding  carrying  an  opposite 
current.  The  cross-section  of  the  large  aperture  quadiupole 
based  on  this  concept  is  shown  in  Fig.l.  This  approach 
suppresses  nearly  all  leakage  flux  and  avoids  the 
interaction  between  the  cold  mass  and  iron  screen 
inherent  in  the  warm  iron  yoke  concept.  It  also  avoids  iron 
saturation  effects,  which  cause  field  distortions. 

A  simple  estimate  shows  that  limiting  the  magnet 
current  to  reasonable  values  of  15-20  kA  leads  to  several 
hundreds  of  turns  in  the  windings  for  the  given  apertures 
and  gradients.  A  traditional  shell  type  coil  with  that 
number  of  turns  would  suffer  from  stress  accumulation  at 
the  midplane  and  large  random  field  harmonics  coming 
from  the  variation  of  individual  cable  positions  within  the 
shells.  Thus  it  was  imperative  to  split  the  shells  into  a 
number  of  mechanically  decoupled  blocks,  providing  the 
stress  management  and  individual  positioning  and  support 
for  each  block. 

In  order  to  accomplish  this  task,  winding  into  the 
support  structure  approach  was  chosen.  The  winding 
mandrel  is  a  cylinder  with  rectangular  slots  machined  in 
longitudinal  direction.  For  easier  stacking  and  prestressing 
inside  the  slots,  the  cable  is  wound  in  the  “hard  bend” 
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way  with  the  long  edge  tangential  to  the  mandrel.  In 
addition,  to  simplify  the  manufacturing,  all  slots  in  the 
mandrel  are  oriented  radially.  After  the  coil  is  wound  and 
cured,  the  mandrel  serves  as  the  mechanical  support 
structure  for  the  coil. 


Fig.  1  Large-bore  quadrupole  field  quality  and  flux  lines 

As  opposed  to  the  traditional  shell-type  magnet,  the 
cable  width  in  the  proposed  design  concept  does  not  drive 
the  shell  thickness  and  therefore  the  maximum  gradient.  It 
offers  an  opportunity  of  tuning  the  operating  parameters 
by  simply  changing  the  number  of  turns  in  the  blocks  and 
neither  the  cable  dimensions  nor  the  number  of  layers. 
However,  the  cable  width  does  drive  the  number  of  blocks 
and  thus  cost  of  the  support  structure,  which  should 
obviously  be  minimized.  From  this  viewpoint,  the 
maximum  cable  width  acceptable  for  winding  in  the  hard- 
bend  direction  should  be  chosen.  Simple  bending 
experiments  demonstrated  that  a  Rutherford  type  cable 
with  28  (1  mm  in  diameter)  strands  can  be  hard-bent 
around  -SO-mm  round  mandrel  without  loss  of  stability. 
Given  that  the  cable  mechanical  stability  will  be 
additionally  enhanced  by  support  from  the  mechanical 
structure  during  winding,  the  number  of  strands  was  fixed 
at  32. 

Superconducting  Cable 

Both  magnets  are  based  on  the  same  32-strand  cable 
with  either  NbTi  or  NbsSn  strands.  The  strand  and  cable 
parameters  are  summarized  in  Table  2.  The  higher  critical 
current  density  and  lower  CuinonCu  ratio  in  NbsSn 
strands  allows  replacing  significant  amount  of  SC  strands 
in  Nb3Sn  cable  with  pure  Cu  strands  while  preserving  the 
required  field  gradient. 

Field  Quality 

Field  quality  in  an  air  core  magnet  with  large  number  of 
conductor  blocks  can  be  rather  easily  optimized  to  values 
of  two  orders  of  magnitude  better  than  specified  field 
harmonics  lO""^.  Table  3  presents  results  of  the  optimized 


cross  sections  shown  in  Figures  1  and  2.  Hence,  the 
manufacturing  accuracy  will  define  the  final  field  quality. 


Table  2:  Cable  parameters 


Parameter 

NbTi 

Nb3Sn 

Strand  diameter,  mm 

1.000 

Number  of  strands 

32 

Cable  bare  width,  nun 

16.214 

Cable  bare  thickness,  nun 

1.772 

Number  of  SC  strands 

32 

8 

Number  of  Cu  strands 

0 

24 

Copper  to  non-copper  ratio 

1.6 

0.85 

Jc(5T,4,2  K),  A/mm^ 

3000 

- 

Jc(12T,4.2  K),  A/mm^ 

- 

2200 

Table  3:  Body  field  harmonics 


n 

b. 

Small-bore 

Large-bore 

6 

-0.0012 

-0.0002 

10 

0.0005 

-0.0001 

14 

-0.0035 

-0.0001 

18 

0.0005 

0.0002 

Random  field  harmonics  were  calculated  as  standard 
deviations  among  a  large  number  of  cases  assuming  +/-50 
^im  random  block  displacements  from  the  nominal 
position.  With  these  tolerances,  the  small  bore  will  meet 
the  field  quality  requirements  for  individual  harmonics  at 
the  one  a  level.  However,  due  to  the  larger  number  of 
blocks,  the  large  bore  magnet  with  the  same  positioning 
tolerances  will  meet  the  field  quality  requirements  at 
greater  than  the  3a  level  or  one  can  relax  the  tolerances  to 
+/-140  pm  to  get  the  same  probability. 

A  similar  tolerance  is  placed  on  the  end  field  harmonics. 
Three  dimensional  analysis  and  careful  adjustment  of  the 
winding  ends  must  be  accomplished. 

Quench  Margin 

The  maximum  field  gradient  was  calculated  for  the 
quadrupoles  made  of  NbTi  and  NbsSn  conductors  with  the 
properties  shown  in  Table  2.  Both  the  large  and  small 
quadrupoles  using  NbTi  conductor  achieve  the  maximum 
operating  gradients  with  a  15-20%  critical  current  margin. 
Using  NbsSn  cable  in  these  magnets  increases  the 
operating  gradients  by  a  factor  of  1.5  with  the  same  Ic 
margin. 

Radiation  losses  in  magnet  coils  will  produce  an  extra 
heat  load  of  0.3- 1.0  mJ/g.  Fig.  2  shows  the  quench  limit 
for  NbTi  and  NbsSn  coils  vs  the  magnet  critical  current 
margin.  For  operation  at  a  heat  deposition  of  1.0  mJ/g,  the 
critical  current  margin  with  NbTi  coils  has  to  be  more 
than  25%  while  NbsSn  coils  can  operate  with  a  margin  of 
only  10%. 

Quench  Protection 

Magnets  will  be  protected  with  an  active  quench 
protection  system  based  on  the  internal  quench  heaters  as 
used  in  modem  SC  accelerators.  Analysis  shows  that  for  a 
quench-detection  time  of  -50  ms  and  50%  coil  volume 
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quenched  by  the  heaters,  the  coil  maximum  temperature 
does  not  exceed  300  K  and  maximum  voltage  between  the 
coil  and  ground  during  a  quench  is  less  than  100  V. 


In/lq 

Fig.  2  Quench  energy  vs.  coil  critical  current  margin  for 
NbTi  and  NbaSn  quadrupoles. 

Cryosystem 

The  12  intersecting  lens-lines  severely  limit  space  for 
the  cryo-distribution  system.  Also,  unlike  the  simple  end- 
to-end  arrangement  of  magnets  in  RHIC  or  the  Tevetron, 
the  lens  lines’  arrangement  does  not  lend  itself  to  a  simple 
flow  through  solution  for  cryogens  as  would  be  desired 
for  a  supercritical  cooling  approach.  Initially,  a  pool¬ 
boiling  approach  was  considered  [5,6].  Supercritical  flow 
is  provided  by  a  cryoplant  located  on  the  surface  through 
a  complex  distribution  system  to  JT  valves  on  lens-line- 
magnet  cryostats  (Fig  3),  nominally  50-m  below  grade. 
Flash  and  boiloff  gas  is  returned  to  the  cryoplant  by  a 
parallel  route,  possibly  boosted  by  a  cold  compressor. 
Similar  routing  is  used  for  thermal  shield  cooling  (40-K, 
4-atm  helium),  with  some  of  this  gas  directed  to  Hi-Tc 
lead  gas-cooled  stages. 

One  potential  problem  with  large  heat  loads  in  pool¬ 
boiling  systems  is  the  large  volumetric  flow  rate  required 
for  removing  vapor  generated  in  tight  spaces,  particularly 
with  density-gradient-driven  flows  (natural  convection). 
Especially  in  non-vertical  spaces  of  less  than  1  mm,  heat 
fluxes  that  can  be  removed  by  boiling  and  natural 
circulation  start  to  drop  off.  Our  extensive  experience 
with  pool-boiling  cooled  magnets  in  vertical  test  dewars 
may  not  be  relevant,  since  heat  loads  there  are  typically 
minimal  and  local  heat  fluxes  are  very  low.  In  spite  of  the 
geometric  difficulties  presented  by  the  radid  magnet 
arrangement,  supercritical  forced-flow  cooling,  which  has 
been  used  successfully  in  long  accelerator  magnet  strings 
such  as  RHIC,  might  have  to  be  developed  for  the  AHF 
system  as  an  integral  part  of  the  magnet  design. 

Supercritical  cooling  is  accomplished  either  with  warm- 
compressor  or  cold-pump  driven  flow.  High  flow  rates 
and  recoolers  are  required  to  keep  the  helium  temperature 
sufficiently  below  magnet-stability  margins.  Warm- 
compressor-driven  flow  cases  were  found  to  have 
prohibitive  operating  and  capital  costs  [7].  With  a  single 
cold-pump  driving  the  flow  serially  through  the  lens  lines, 
24  recoolers  (two  per  line),  and  a  pump-box,  the  purchase 
order  cost  of  a  supercritical-flow  cryosystem  (plant  + 


distribution)  is  roughly  20%  more  ($5  M)  than  for  a  pool¬ 
boiling  system,  and  consumes  23%  (0.62  MW)  more 
power.  These  differences  are  attributed  to  the  additional 
equipment  and  associated  heat  load.  Further  studies  are 
needed  prior  to  finalizing  the  cooling  approach. 

Forced-flow  liquid-helium  cooling  was  not  considered. 
This  approach  could  lead  to  vapor  trapping  in  magnets 
and  jumpers,  and  density- wave  type  flow  instabilities. 


Fig.  3  Details  of  the  AHF  cryo-distribution  system. 


SUMMARY 

Conceptual  design  of  the  AHF  SC  quadrupoles 

confirmed  feasibility  of  the  design  based  on  the  active 

shielding  approach.  The  results,  from  this  analysis,  are: 

•  the  specified  field  quality  lO’"^  can  be  achieved; 

•  quadrupole  windings  can  be  made  from  NbTi  or 
NbsSn  superconductor; 

•  a  proposed  mechanical  structure  with  adequate 
stress  management; 

•  a  quench  protection  system  is  viable; 

•  cryosystem  concepts  have  been  developed. 
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Abstract 

Fermilab,  as  part  of  the  US-LHC  Accelerator  Project, 
has  designed  and  is  producing  superconducting  low-beta 
quadrupole  magnets  for  the  Large  Hadron  Collider 
(LHC).  These  70  mm  bore,  5.5  m  long  magnets  operate  in 
superfluid  helium  at  1.9  K  with  a  maximum  operating 
gradient  of  214  T/m.  Two  quadrupoles,  combined  with  a 
dipole  orbit  corrector,  form  a  single  LQXB  cryogenic 
assembly,  the  Q2  optical  element  of  the  final  focus  triplets 
in  the  LHC  interaction  regions.  Field  quality  was 
measured  at  room  temperature  during  fabrication  of  the 
cold  masses  as  well  as  at  superfluid  helium  temperature  in 
two  thermal  cycles  for  the  first  LQXB  cryogenic 
assembly.  Integral  cold  measurements  were  made  with  a 
7.1  m  long  rotating  coil  and  with  a  0.8  m  long  rotating 
coil  at  8  axial  positions  and  in  a  range  of  currents.  In 
addition  to  the  magnetic  measurements,  this  paper  reports 
on  the  quench  performance  of  the  cold  masses  and  on  the 
measurements  of  their  internal  alignment. 

1  INTRODUCTION 

Superconducting  low-beta  quadrupole  magnets 
(MQXB)  for  the  Large  Hadron  Collider  have  been 
fabricated  at  Fermilab.  These  magnets  are  required  to 
provide  a  maximum  operating  gradient  of  214  T/m  over  a 
70  mm  coil  bore,  and  to  operate  in  superfluid  helium  at 
L9K  [1].  Two  5.5  m  long  MQXB  magnets  are  combined 
with  a  dipole  orbit  corrector  (MCBX)  to  form  a  single 
cryogenic  assembly  (LQXB). 

To  date  half  of  cold  MQXB  masses  have  been  built. 
Four  of  them  (MQXBOl-04)  were  selected  for  assembling 
in  the  first  two  LQXB  cryogenic  units.  In  this  paper  we 
present  the  results  of  the  warm  field  measurements  of 
magnets  MQXB0L09  in  the  production  stage.  The 
quench  performance  and  field  measurements  of  the  first 
LQXBOl  (MQXBOl-02  quadrupoles)  are  described  as 
well.  A  comparison  with  the  results  from  the  model 
magnet  program  [2]  and  the  full  scale  prototype  [3]  is 
included.  The  results  of  the  relative  alignment  of  the  first 
two  cold  masses  inside  the  LQXB  cryogenic  assembly  are 
also  presented,  including  warm  to  cold  correlations. 

2  QUENCH  PERFORMANCE 

LQXBOl  was  tested  at  Fermilab  Magnet  Test  Facility 
in  superfluid  helium  at  LHC  operational  temperature  at 
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Quench  Mquenoa 


Figure  1:  Quench  training  history  for  the  model  magnets 
HGQ05-09  and  first  prototype  MQXPOl.  The  horizontal 
dashed  line  corresponds  to  205  T/m  field  gradient.  The 
solid  line  corresponds  to  230  T/m  field  gradient  which  is 
the  acceptance  criteria  for  MQXB  magnets 

1.9  K  in  two  thermal  cycles  (TCI  and  TC2).  Figure  1 
summarizes  the  quench  performance  for  the  HGQ05-09 
model  magnets  [2]  together  with  the  result  from  the 
prototype  MQXPOl  [3].  The  outstanding  performance  of 
the  first  two  MQXBOl-02  magnets  is  pointed  out  by  the 
large  squares  and  the  triangle  around  the  horizontal  solid 
line.  MQXBOl  achieved  230  T/m  without  any  training. 
MQXB02  needed  one  training  quench  to  reach  the 
acceptance  criteria  of  230  T/m.  Also  it  is  important  to 
note  that  magnets  do  not  need  to  be  retrained  on  TC2. 

3  MAGNETIC  MEASUREMENTS 

4,1  Measurement  system 

Magnetic  measurements  were  performed  using  a 
horizontal  drive  rotating  coil  system.  A  long  drive  shaft, 
assembled  from  1.5  m  sections,  is  used  to  transfer  the 
rotation  to  the  probe.  The  shaft  sections  are  supported  in 
gates.  They  are  controlled  by  photo-eyes  and  cycled  open- 
closed  by  pneumatic  cylinders  when  the  probe  is  inserted 
or  extracted  from  the  magnet.  Details  on  the  magnetic 
measurements  readout  system  are  reported  elsewhere  [3]. 

The  probes  used  have  a  tangential  winding  for 
measurement  of  higher  order  harmonics  as  well  as 
specific  dipole  and  quadrupole  windings  for  measurement 
of  the  lowest  order  components  of  the  field.  The  warm 
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Figure  2:  Measured  collared  coil  harmonics  in  the  body 
of  MQXBOl  through  MQXB09.  The  large  squares  and 
triangles  represent  the  average  harmonics  derived  from 
the  model  magnet  program.  The  error  bars  are  one  sigma. 
The  arrow  points  at  a  systematically  larger  dodecapole 
than  in  the  model  magnets. 


Table  1:  Integral  field  harmonics  (in  units  at  17  mm)  in 
MQXBOl -02  at  11.9  kA  field  (214  T/m)  compared  to  the 
acceptance  criteria  defined  in  Reference  table  v.3.2  [2] 


n 

Reference 
table  v.3.2 

MQXB 

01  02 

Reference 
table  v.3.2 

MQXB 

01  02 

<b„>±8(bj 

b„ 

<an>±5(an) 

an 

an 

3 

0.00±1.66 

0.75 

0.15 

0.0011.34 

-0.82 

-0,88 

4 

0.00±1.25 

0.64 

-0.65 

0.0011,29 

-0.06 

0.29 

5 

0.0010.65 

0.09 

-0.24 

0.0010,65 

-0.47 

-0,13 

6 

0.2110.97 

-0.37 

-0.23 

-0.0310,19 

-0.02 

0.10 

7 

0.0010,12 

-0.02 

-0.05 

0.00±0.10 

-0.02 

-0.02 

8  1 

0.0010.08 

0.02 

0.01 

0.0010.05 

0.02 

-0.01 

9 

0.0010.04 

0.04 

0.02 

0.0010.04 

-0.03 

-0.03 

10 

-0.0110.04  1 

-0.01  i 

-0.02 

0.0010.04 

-0.04 

-0.04 

observed  which  is  somewhat  larger  than  the  expected  0.85 
units  from  the  field  calculation.  Following  the  result  of 
the  warm  measurements  the  shim  pattern  was  slightly 
modified  in  MQXB05  to  decrease  the  change.  This  shim 
pattern  was  used  in  the  production  of  MQXB07-09. 


measurements  are  made  with  a  coil  of  31.8  mm  nominal 
radius  and  91.2  cm  long.  For  the  cold  measurements  we 
used  two  probes.  The  integral  harmonics  are  obtained 
using  a  7.1  m  long  rotating  coil  assembled  from  three 
independent  probes  connected  in  series.  In  addition  to  the 
integral  measurements  a  DC  cold  scan  was  done  with  a  81 
cm  long  probe. 

4,2  Results  of  the  warm  measurements 

In  the  process  of  production  of  every  MQXB  magnet 
two  measurements  are  performed  to  ensure  magnet 
quality.  In  the  first  one  an  integral  z-scan  of  the  collared 
coil  is  executed.  This  measurement  checks  the  quality  of 
the  coil  assembly  and  of  the  collaring  process. 

The  second  z-scan  is  done  after  yoking  is  complete.  The 
measurement  probe  is  placed  at  the  same  z-positions  as 
for  the  collared  measurements.  This  allows  us  to  compare 
the  harmonic  changes  due  to  the  process  of  the  yoking. 

Fig.  2  shows  the  harmonics  up  to  the  dodecapole  for 
the  average  of  the  last  five  HGQ  model  magnets,  for  the 
MQXPOl  prototype,  and  for  the  MQXBOl-09  production 
cold  masses  after.  An  acceptable  but  systematic  deviation 
from  the  average  harmonics  of  short  model  magnet  tests  is 
observed  in  the  normal  dodecapole  for  the  first  three  cold 
masses  MQXBOl-03  (Fig.2 ). 

The  similar  result  for  bg  is  obtained  for  the  yoked  cold 
masses.  A  performed  accelerator  simulation  pointed  to  the 
possibility  that  in  some  configuration  be  could  be  too 
large  to  be  compensated  with  the  available  corrector 
strength.  An  effort  was  made  into  the  production  to 
decrease  the  normal  dodecapole  deviation.  The  result  of 
the  field  calculation  was  implemented  first  in  the 
MQXB04  cold  mass  [4].  50  p.m  of  Kapton  insulation 
were  removed  from  the  midplane  of  each  inner  coil 
octant,  and  25  \im  were  added  to  each  inner  pole.  This 
caused  each  inner  coil  octant  to  be  shifted  toward  the 
midplane  by  25-50  ^im.  A  decrease  of  1  unit  in  b6  is 


4,3  Cold  measurements. 

Harmonic  measurements  in  the  superconducting  state 
have  been  performed  on  the  MQXBOl-02  cold  masses 
connected  in  a  single  cryogenic  unit  LQXBOl  at  1.9  K. 
The  integral  harmonics  at  11923  A  (214  T/m)  are 
presented  in  Table  1.  They  are  compared  with  the  field 
quality  values  from  the  reference  table  v3.2  [2]  which  are 
derived  from  the  model  magnet  program.  The 
uncertainties  assigned  to  the  reference  means,  <bn>  and 
<an>  in  Table  1,  correspond  to  8(bn,an)  = 
d(bn,an)  -H  3a(bn,an),  where  d  and  o  are  the  uncertainties 
in  mean  and  standard  deviation  respectively.  One  may 
conclude  that  the  magnet  harmonics  are  inside  the 
accelerator  required  limits. 

To  check  for  possible  dynamic  effects  during  the 
injection  plateau,  measurements  were  performed  with  an 
accelerator  cycle  similar  to  the  one  used  in  the  LHC  arc 
dipole  tests  [4].  The  duration  of  the  plateau  is  15  min  at 
669  A  (12.3  T/m),  The  decay  and  snap-back  of  the 
normal  dodecapole  at  for  MQXBOl-02  is  presented  in 
Fig.3.  The  average  decay  amplitude  is  0,55  units  after  15 
min.  followed  by  the  snap-back  time  of  '-8.5  s. 


component  for  a  plateau  at  injection  of  15  min. 
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Table  2:  Hysteresis  width  (in  units)  of  the  dodecapole 
at6kA. 


Ramp 

Rate 

A/s 

HGQ  models 

MQXB 

05 

06 

07 

08 

09 

01 

02 

10 

-0.1 

0.2 

0.1 

0.1 

-0.1 

-0.3 

0.1 

40 

-0.1 

1.1 

0,6 

0.7 

-0.1 

-0.4 

-0.3 

80 

-0.1 

2.1 

1.1 

1.5 

-0.1 

-0.6 

-0.4 

Current  loops  at  10,  40  and  80  A/s  for  MQXBOl-02 
have  been  performed.  Table  3  summarizes  the  width  (be""^ 
of  the  dodecapole  hysteresis  at  6  kA. 
One  can  conclude  that  MOXBOl-02  have  a  similar 
behavior  to  the  model  magnets  and  that  the  Eddy  current 
contribution  to  be  is  relatively  small. 

The  integral  quadrupole  field  over  the  5.5  m  magnetic 
length  was  measured  with  a  single  stretched  wire  system 
(SSW)  [5]  and  found  to  be  101.07±0.02  T/kA  at  injection 
and  98.86  ±0.02  T/kA  at  collision, 

4  ALIGNMENT  OF  THE  COLD  MASSES 
FOR  LQXB 

Alignment  measurements  of  the  LQXB  magnets  consist 
of  measuring  the  average  magnetic  axis  of  the  two  cold- 
mass  system  and  transferring  its  location  to  the  external 
fiducials.  The  survey  data  are  reported  to  CERN  and  will 
be  used  in  the  absolute  positioning  of  the  LQXB 
assembly  with  respect  to  the  LHC  beamline  axis. 

The  relative  alignment  of  the  MQXB  cold  masses 
inside  the  LQXB  was  carefully  monitored  for  changes 
during  TCI  and  TC2  on  the  cold  test  stand  using  SSW. 
Table  3  summarizes,  in  chronological  order, 
measurements  performed  in  TCI  and  TC2  at  4.5  K  as  well 
as  warm  measurements  between  the  thermal  cycles.  The 
average  AX,  AY  center  offsets,  the  yaw,  pitch  and  roll 
angles  of  MQXBOl-02  are  presented  relative  to  the  final 
alignment  measurement  labeled  “cold  TC2”,  when  the 
magnetic  centers  of  the  cold  masses  are  positioned  on 
x,y=0,0. 

Based  on  the  TCI  results,  small  mechanical  adjustments 


Table  3:  Measured  changes  in  average  AX,  AY  center 
offsets,  yaw,  pitch  and  roll  angles  relative  to  the  cold  TC2 
_ measurement 


Measu- 

Magnet 

AX 

AY 

Yaw 

Pitch 

Roll 

rement 

(mm) 

(mm) 

(mrad) 

(mrad) 

(mrad) 

Before 

01 

-0.32 

0.88 

0.05 

-0.15 

-0.37 

TCI 

02 

-0.16 

0.60 

-0,04 

0.03 

0.47 

Cold 

01 

-0.36 

0.54 

0.06 

-0.03 

-0.33 

TCI 

02 

0.03 

0.14 

0.08 

-0.06 

0.47 

After 

01 

-0.29 

0.65 

0.07 

-0.17 

-0.36 

TCI 

02 

-0.06 

036 

-0.05 

0.07 

0.56 

Before 

01 

0.06 

0.25 

0.16 

-0.30 

-0.56 

TC2 

02 

-0.08 

0.38 

-0.05 

0,07 

0.33 

Cold 

01 

0.0 

0.0 

0.20 

-0.27 

-0.50 

TC2 

02 

0.0 

0.0 

0.03 

-0.04 

0.50 

After 

01 

0.16 

0.15 

0.14 

-0.33 

-0.55 

TC2 

02 

-0.01 

0.26 

-0.07 

0.10 

0.44 

were  made  between  the  “After  TCI”  and  “Before  TC2”, 
using  the  adjustment  logs  of  the  cold  mass  supports.  The 
cold  mass  positions  changed  predictably  with  changes  of 
the  logs.  The  changes  seen  during  the  thermal  cycles, 
warm-cold-warm,  are  reproducible,  for  each  TC,  and 
similar  in  TC  1  and  TC2  despite  the  mechanical 
adjustments  between  them. 

The  final  cold  SSW  measurement,  labeled  “Cold  TC2”, 
confirmed  that  the  relative  yaw,  pitch  and  roll  angles 
between  the  MQXBOl-02  cold  masses  are  within 
alignment  tolerances  required  from  the  accelerator  beam 
optic  studies  [6], 

5  CONCLUSIONS 

The  first  LQXB  cryogenic  unit  for  the  LHC  interaction 
region  has  been  tested. 

Both  magnets  in  the  LQXBOl  cryogenic  assembly 
showed  outstanding  quench  performance.  They  reached 
the  acceptance  criterion  of  230  T/m  with  minimal  training 
quenches. 

The  quality  assurance  warm  magnetic  measurements 
after  collaring  and  yoking  of  the  cold  masses  were 
described.  As  a  whole  the  field  harmonics  are  quite  small 
and  consistent  with  those  measured  in  the  last  five  short 
model  magnets  and  in  the  first  full  scale  prototype 
Cold  magnetic  measurements  were  performed  on  the 
MQXBOl-02  cold  masses  assembled  in  the  cryogenic  unit 
(LQXBOl).  Integral  field  are  quite  small  and  they  are 
consistent  with  the  acceptance  criteria.  The  effect  of  the 
cable  Eddy  currents  is  small  and  similar  to  that  seen  in  the 
model  magnets.  The  decay  and  snap-back  at  injection 
plateau  was  studied  and  the  average  change  in  b6  was 
found  to  be  relatively  small  (0.55  units  after  15  min). 

The  alignment  of  the  first  two  cold  masses  inside 
LQXBOl  assembly  has  been  completed.  Field  alignment 
measurements,  performed  with  the  SSW  system, 
confirmed  that  the  placement  errors  of  the  cold  masses  are 
within  the  required  limits. 
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Abstract 

The  performance  of  Fermilab’s  Tevatron  accelerator, 
currently  in  its  Run  II  stage,  is  degraded  by  beam  loss  and 
emittance  dilution  during  ramping  from  injection  to 
collision  energy.  This  could  be  related  in  part  to 
insufficient  compensation  of  dynamic  effects  such  as  the 
decay  of  the  magnetic  field  in  the  dipoles  during  the  dwell 
at  injection  and  the  following  so-called  snapback  during 
the  first  few  seconds  of  the  energy  ramp.  The  two  effects 
are  closely  related  and  depend  on  the  powering  history  of 
the  magnets.  Dynamic  effects,  which  were  originally 
discovered  at  the  Tevatron  [1],  were  investigated  on 
Tevatron  magnets  in  various  past  measurement  campaigns 
in  the  1980s  and  later  in  1996  [2].  This  paper  reports  on 
the  most  recent  measurements  performed  on  an  additional 
set  of  Tevatron  magnets. 

1  INTRODUCTION 

At  injection  energy  the  sextupole  field  errors  from 
persistent  currents  can  be  significant  due  to  their  large 
amplitude  and  time  dependence.  It  was  found  that  their 
change  during  injection  is  unacceptable  for  the  Tevatron 
operation  and  corresponding  corrections  were  developed 
(for  example  see  ref.  [1][3]). 

The  Run  II  Tevatron  corrections  were  obtained  from 
1996  magnetic  measurements  [2]  and  are  later  optimized 
using  beam  based  measurements.  However  up  to  10% 
beam  losses  at  injection  and  at  the  beginning  of  the 
acceleration  is  still  observed  in  the  Tevatron. 

A  systematic  series  of  measurements  for  an  additional 
optimization  of  the  existing  correction  algorithm  was 
carried  out.  In  this  paper  we  present  the  first  results  from 
measurements  of  b2  decay  and  snapback  on  four  Tevatron 
dipoles  (TC1220,  TB0834,  TC0483,  TB0269)  which 
have  been  extensively  tested  at  the  Fermilab  Magnet  Test 
Facility. 

2  MAGNETIC  MEASUREMENTS 

2.7  Measurement  system 

Magnetic  measurements  were  performed  using  a 
horizontal  drive  rotating  coil  system.  A  1.8  m  long  drive 
shaft  is  used  to  transfer  the  rotation  to  the  probe  in  the 
body  of  the  magnet.  The  shaft  and  the  probe  are  supported 
by  bearings  inside  the  warm  bore. 

The  probe  in  use,  a  81.7  cm  long  coil  with  a  19.6  mm 
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back  measurements. 

nominal  radius,  has  a  tangential  winding  for  measurement 
of  higher  order  harmonics  as  well  as  specific  dipole  and 
quadrupole  windings  for  measurement  of  the  lowest  order 
components  of  the  field. 

Coil  winding  voltages  are  read  out  by  Metrolab  PDIs. 
The  PDIs  were  configured  first  to  read  and  store  data  in 
the  internal  buffers  (active  time)  and  next  to  transfer 
them  to  the  VME  computer  (passive  time).  More  details 
on  the  readout  system  are  reported  elsewhere  [4]. 

To  achieve  good  sensitivity  on  the  rapidly  changing 
dynamic  effects  in  the  magnets,  like  a  snap-back  which 
typically  occurs  within  an  interval  of  5-10  s  in  the  case  of 
Ae  Tevatron,  the  shaft  rotational  speed  was  set  to  5  Hz. 
To  decrease  the  effect  of  the  mechanical  vibration  and  to 
increase  the  signal  to  noise  ratio  we  used  an  analog 
bucking  technique  providing  a  cancellation  of  the  main 
dipole  field  term  with  a  simple  addition  of  signals  from 
the  tangential  and  dipole  coils. 

2.2  Current  cycle 

In  our  measurements  we  used  current  profiles  which  are 
as  close  as  possible  to  the  real  Tevatron  operation  cycles. 
The  nominal  current  profile  is  shown  in  Fig.  1,  Its 
parameters  are:  a  20  min.  flat-top  (FT)  at  4.3  kA  (980 
GeV  beam  energy),  a  1  min.  back  porch  (BP)  ,duration 
and  a  30  min.  injection  plateau  (IP).  Additionally  we 
varied  the  duration  of  FT  (1,10,  20  and  60  min.,  in  some 
cases  up  to  12h),  the  duration  of  the  BP  (1,10  and  30 
min.),  the  duration  of  IP  (30,  60  and  120  min.),  as  well  as 
number  of  the  flattops  (NF)  (1,2,3  and  6)  and  the 
maximum  flat-top  current  (  3.5,  4.0  and  4.3  kA).  The 
variation  of  the  last  parameter  has  no  direct  impact  on 
Run  II  Tevatron  operation  since  the  maximum  current  is 
held  constant  at  4.3  kA. 
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Figure  2:  Hysteresis  loop  of  the  sextupole  component. 
The  insert  shows  the  snap-back  and  the  line 
approximation  of  the  loop  at  the  snap-back’s  region 


3  DECAY  AT  INJECTION  PLATEAU 

The  magnets  of  our  sample  have  different  quench 
performances.  Therefore  they  have  been  measured  at 
different  temperatures,  from  3.9  to  4.5  K.  We  normalized 
all  measurements  to  3.9K,  using  corrections  which  vary 
from  magnet  to  magnet  from  13%  to  16%  per  IK. 

The  typical  b2  hysteresis  loop  from  the  nominal 
measurement  is  shown  in  Fig.  2.  In  the  Tevatron 
operational  scheme  its  sextupole  correctors  have  to  be 
controlled  in  such  a  way  that  they  compensate  for  decay 
and  snap-back  of  the  b2  harmonic  at  injection  time. 
Therefore  we  need  to  extract  only  the  effect  of  the 
dynamic  processes.  To  subtract  the  underling  sextupole 
loop  we  linearly  parametrized  b2  as  a  function  of  the 
current  in  the  region  of  0.7-0.78  kA  and  extrapolated  its 
value  to  the  injection  plateau  at  0.66  kA  (see  the  insert  in 
Fig.2). 

Two  different  functional  forms  have  been  used  in  the 
past  to  model  decay  processes  in  superconducting 
accelerator  magnets.  The  behavior  of  Tevatron  and  HERA 
magnets  could  be  modeled  as  a  logarithmic  decay  [3], [5] 

The  behavior  of  RHIC  magnets  was  parametrized  by 
two  superimposed  exponentially  decaying  terms  [6] 

In  our  case  we  used  a  logarithmic  function  to 
parametrize  the  b2  decay.  Fig.  3  shows  the  b2  decay  for 
different  durations  of  FT.  It  was  found  that  to  is  close 
to  1  s  as  in  the  HERA  magnets  thus  to  =  1  s  was  fixed  in 
our  fits.  To  describe  the  interval  below  100  s  we  slightly 
modify  the  logarithmic  form  (1)  adding  a  time  offset 
parameter  ts 

AZ,2  =fc2,0+^2,r'°S^'  +  'P-  ® 

The  parameters  b2,o,  b2,i  and  ts  were  fitted  with 
different  functional  forms,  either  polynomial  or 
exponential  or  superposition  of  both,  depending  on  the 
duration  of  IP,  BP  and  FT.  These  one  dimensional 
functions  are  the  first  step  towards  a  new  multiparameter 
correction  form  for  the  Tevatron  b2  correction  at  injection. 


Figure  3:  Decay  of  the  sextupole  component  for  a  plateau 

at  injection  of  30  min,  and  Afferent  duration  of  the  fiat- 
top  (magnet  TCI 220).  After  one  hour  duration  of  flat-top, 
the  b2  decay  shows  similar  behavior 

We  also  tried  to  model  the  b2  decay  with  a  double 
exponential  form  according  to  (2).  In  two  of  the  four 
measured  magnets  the  fit  returned  a  very  large  time 
constant  of  order  of  10^.  In  the  other  two  magnets  the 
double  exponential  form  (2)  performed  slightly  better 
than  (3).  The  attempt  to  find  the  best  parametrization  for 
the  decay  part  was  not  conclusive  and  will  be  continued  in 
the  future  experiments.  In  addition  we  are  trying  to 
understand  if  there  is  a  reason  for  the  different 
parametrization  behavior  (for  example,  different  cable 
characteristics). 

4  MEASUREMENTS  OF  THE  SNAP-BACK 

At  the  Tevatron  the  snap-back  compensation  is  done 
according  to 

Ab^=b2Q-(l-thtl)^,  (4) 

where  b2,o  is  the  initial  amplitude  and  to  is  the  snap- 
back  time  [2].  Although  the  polynomial  form  (4)  was 
found  in  general  to  work  for  snap-back  compensation,  we 
determined  that  a  gaussian  form 

Ai>2  “  *2,0  ■  ^  'o 

describes  our  measurements  with  a  high  probability 
(X^ndf  -1).  Some  of  the  snap-back  fits  are  shown  in  Fig. 
3.  The  time  scale  is  set  to  zero  when  the  acceleration 
ramp  is  started  and  the  snap-back  is  initiated.  Note  that  to 
has  a  different  meaning  in  formulae  (4)  and  (5):  in  the 
first  case  it  is  the  value  where  the  functional  form  is  zero¬ 
ed,  in  the  second  case,  it  is  the  standard  width  of  the 
gaussian  distribution. 

We  parametrized  the  snap-back  amplitude  b2,o  and  time 
to  as  a  function  of  the  duration  of  the  current  cycle 
intervals  (IP,  BP,  FT).  An  exponential  dependence 
according  to 

*2,0  ’  ^0  ^1  •  /  P2  ^  ^3 

where  t  is  the  duration  in  minutes  of  the  varied  cycle 
interval  is  proposed.  Fig.4  shows  a  parametrization  of  b2,o 
and  to  for  different  duration  of  the  flat-top.  The  dashed 
line  represents  the  average  fit  to  the  four  measured 
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Figure  3:  Snapback  of  the  sextupole  component  for  a 

plateau  at  injection  of  30  min.  and  different  duration  of 
the  flat-top  (magnet  TC1220).  The  dashed  lines  represent 
the  snap-back  for  short  flat-top  durations. 

magnets. 

Table  1  summarizes  the  fit  output  for  the  prps 
parameters.  When  we  vary  NF  the  data  are  fit  to  a 
constant.  This  is  because  the  fit  returns  a  negligible  slope 
in  case  of  linear  approximation.  In  addition  one  can 
observe  that  after  60  min.  of  FT  the  snap-back  amplitude 
and  time  are  practically  independent  of  its  duration  (  see 
fig.  3  and  fig  4). 

These  two  results  are  important  for  the  optimization  of 
the  Tevatron  operation.  In  fact  one  can  propose  to  remove 
the  precycle  after  the  end  of  a  successful  store  and  to  start 
the  injection  directly  after  ending  a  collision.  On  the  other 
hand  if  the  store  is  ended  abnormally,  for  example  by  a 
quench,  data  suggest  that  the  number  of  precycles  may  be 
reduced  from  6  to  3  or  either  2. 

The  effect  of  the  BP  duration  shows  opposite  tendency 
comparing  to  the  FT  duration.  The  snap-back  amplitude 
and  time  decrease  exponentially  with  the  BP  duration  and 
converge  to  Ab2=0.8  units  and  to=3.54  s  at  large  values  of 
the  BP  durations  (Table  1,  BP  column). 


Table  1:  Results  from  the  fits  describing  b2,o  and  to  with 
the  exponential  form  (6).  The  parameters  represent  the 
average  fit  from  the  sample  of  four  measured  magnets. 


M3!fM 

IP 

BP 

FT 

NF  1 

Snap-back  amplitude 

■31 

-0.7±0.1 

0.78±0.1 

-0.5±0.1 

wm 

52.±5.1 

7.1±0.5 

7.9±0.2 

0 

wm 

2.Q±0.2 

0.8+0.1 

0.2±0.1 

1.5±0.2 

Snap-back  time  I 

wm 

-1.1±0,2 

2.1±0.1 

-2.6±0.6 

0 

wm 

66.±28. 

5.91±0.7 

0.9±0.2 

0 

wm 

6.4±0.1 

3.54±0.1 

5.2±0.1 

5.3±0.2 

Figure  4:  The  snap-back  amplitude  and  time 
parametrized  with  (6)  as  a  function  of  the  flat-top  duration 
time.  The  dashed  line  represents  the  average  fit  for  the 
sample  of  four  magnets. 

6  CONCLUSIONS  AND  PLANS 

The  sextupole  decay  and  snap-back  effects  at  Tevatron 
injection  ware  studied  on  four  Tevatron  dipoles.  It  was 
confirmed  that  the  durations  of  IP,  BP  and  FT  have  a 
major  impact  on  the  b2  decay  amplitude  and  snap-back 
time.  Other  possible  variations  of  the  current  cycle,  like 
the  number  of  flattops  and  the  maximum  flat-top  current 
were  found  to  have  small  or  no  impact  on  the  d3mamic 
processes  at  injection. 

A  new  type  of  the  snap-back  parametrization  was 
proposed.  Is  was  found  that  gaussian  distribution,  instead 
of  polynomial  form  (4),  fits  better  the  magnet  data. 

The  data  shows  that  b2  decay  amplitude  and  the  snap- 
back  time  reach  saturation  after  60  min.  FT.  This  result 
supports  the  proposal  of  removing  the  precycle  after  the 
end  of  successful  stores. 

A  set  of  functions  describing  the  sextupole  decay  and 
snap-back  are  obtained.  These  functions  are  the  first  step 
towards  a  new  multidimensional  correction  form  for  the 
Tevatron  operation  at  injection. 

We  are  planning  to  extend  the  measurements  to  more 
dipoles  and  to  refine  them  in  order  to  develop  a  detailed 
set  of  measurements  in  the  relevant  parameter  space  for 
Tevatron  operation. 
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APERTURE  LIMITATIONS  FOR  2^  GENERATION  NB3SN  LHC  IR 

QUADRUPOLES* 
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Abstract 

One  of  the  straightforward  ways  towards  the  higher  lu¬ 
minosity  in  the  LHC  is  a  replacement  of  the  present  70- 
mm  NbTi  quadrupoles  with  Nb3Sn  quadrupoles  which 
would  provide  the  same  field  gradient  but  in  a  larger  aper¬ 
ture.  Conceptual  designs  of  such  magnets  with  90  mm 
aperture  have  been  developed  and  studied.  This  paper 
discusses  the  possibilities  and  limitations  of  further  in^ 
creasing  the  aperture  of  NbaSn  low-beta  quadrupoles  ,  and 
shows  that  an  aperture  up  to  1 10  mm  is  possible. 

INTRODUCTION 

Present  optics  of  two  LHC  interaction  regions  (IR)  is 
based  on  single-bore  inner  triplets  consisting  70-mm  NbTi 
quadrupoles  with  a  nominal  field  gradient  of  205  T/m 
operating  at  T=L9  K.  These  magnets  were  designed  to 
provide  P*=50  cm  for  a  nominal  LHC  luminosity  of  10^^ 
cm'^s’^  [1].  Replacing  them  with  higher  performance 
magnets  will  be  a  major  component  of  the  LHC  luminos¬ 
ity  upgrades. 

The  future  LHC  luminosity  upgrade  plans  being  dis¬ 
cussed  at  present  time  require  new  low-beta  quadrupoles 
with  higher  field  gradient,  larger  operation  margin  and 
larger  magnet  aperture  [2,3].  Preliminary  analysis  shows 
that  large-aperture  quadrupoles  based  on  NbaSn  super¬ 
conductor  meet  these  basic  requirements  [4,5].  This  paper 
continues  the  studies  with  the  goal  to  determine  the  aper¬ 
ture  limitations  for  NbsSn  IR  quadrupoles. 

MAGNET  DESIGN 

The  conceptual  design  of  90-mm  NbsSn  quadrupole 
magnets  based  on  2-layer  shell-type  designs  has  been  re¬ 
cently  developed  and  analyzed  [6,7].  The  90-mm  aperture 
is  close  to  the  limit  for  a  2-layer  design  due  to  the  large 
cable  aspect  ratio.  Therefore  4-layer  designs  were  consid¬ 
ered  for  quadrupoles  with  100-mm  and  110-mm  aperture. 
Both  magnets  consist  of  two  double-layer  shell-type  coils 
and  cold  iron  yoke.  The  goal  was  to  achieve  a  nominal 
field  gradient  of  205  T/m  with  a  20%  margin  and  the  best 
field  quality  with  one  wedge  in  the  innermost  layer.  The 
current  density  in  the  coil  layers  was  graded,  providing  a 
noticeable  contribution  to  the  field  gradients.  The  circular 
iron  yoke  was  set  15  mm  beyond  the  coil  to  provide  space 
for  the  collars.  The  magnetic  permeability  of  the  iron  was 
constant  and  equal  to  1000.  The  4-layer  100  and  110  mm 
coil  cross-sections  as  well  as  2-layer  90  mm  quadrupole 
coil  optimized  with  ROXIE  code  are  shown  in  Figure  1 . 


^  Work  supported  by  the  U.S.  Department  of  Energy 
*  zlobin@fDal.gov 


Figure  1:  Quadrupole  coil  cross-sections  with  90-mm 
(a),  100-mm  (b)  and  110-mm  (c)  apertures. 
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The  coil  parameters  for  all  the  three  quadrupole  designs 
are  summarized  in  Table  1.  The  coil  width  and  volume 
required  to  reach  the  target  field  gradient  increase  dra¬ 
matically  in  the  110-mm  aperture  quadrupole  design. 


Table  1:  Coil  parameters. 


Parameter 

Aperture  | 

110  mm 

100  mm 

90  mm 

Number  of  layers 

[ 

2 

Number  of  turns 

248 

228 

144 

Coil  width,  mm 

45.5 

34.5 

31.5 

U 1  W'Im— 

84.9 

59.3 

48.1 

Table  2  summarizes  the  final  cable  parameters  for  the 
all  three  designs.  Two  different  cables  are  used  in  each  4- 
layer  quadrupoles  in  order  to  increase  the  efficiency  of 
magnet  design.  The  cables  are  based  on  the  same  1-mm 
NbaSn  strand.  The  cable  dimensions  including  insulation 
were  determined  in  an  iterative  optimization  process  in 
order  to  achieve  maximum  gradients  with  minimum  coil 
areas.  The  cable  keystone  angle  was  set  to  ensure  the 
radial  position  of  each  turn  in  the  coil.  The  2-layer  90-mm 
quadrupole  uses  one  cable  based  on  the  0.7  mm  NbaSn 
strand  in  both  layers. 

All  the  cables  have  the  same  packing  factor  of  89%  and 
CurnonCu  ratio  of  1.2.  Practical  experience  shows  that  the 
cables  used  in  the  4-layer  designs  are  simpler  for  manu¬ 
facturing  and  have  better  mechanical  and  electrical  prop¬ 
erties  than  the  cable  used  in  the  2-layer  design  due  to  the 
smaller  aspect  ratio. 


Table  2:  Cable  parameters. 


Parameter 

Aperture  | 

110  mm 

100  mm 

90  mm 

Coil  layer 

1-2 

3-4 

1-2 

3-4 

1-2 

Number  of  strands 

24 

18 

18 

14 

42 

Strand  D,  mm 

1.0 

0.7 

Cable  width,  mm 

12.33 

9.23 

9.23 

7.17 

15.14 

Inner  edge,  mm 

1.59 

1.66 

1.61 

1.67 

1.08 

Outer  edge,  mm 

1.94 

1.87 

1.92 

1.86 

1.39 

Keystone  angle,  deg 

1.7 

1.3 

1.9 

1.5 

1.18 

Aspect  ratio 

7 

5 

5 

4 

12 

MAGNET  PARAMETERS 

Field  quality 

Table  3  presents  the  systematic  geometrical  harmonics 
at  the  reference  radius  equals  to  the  half  of  the  coil  bore 
radius  for  the  100-mm  and  110-mm  designs  and  also  for 
the  2-layer  90-mm  quadrupole.  For  comparison  the  field 
harmonics  of  present  70-mm  NbTi  LHC  IR  quadrupoles 
(MQXB)  at  the  reference  radius  of  17  mm  (which  as  well 
corresponds  to  the  half  bore  radius  for  this  magnet)  are 
also  presented. 

The  first  allowed  geometrical  harmonics,  bg  at 
Rref=RboTe/2  is  almost  the  same  for  90,  100  and  110  mm 


designs  and  it  is  noticeably  better  than  the  in  present 
70-mm  design.  The  higher  order  geometrical  harmonics, 
bio  and  b^,  are  almost  the  same  in  90,  100  and  110  mm 
designs  and  slightly  higher  than  in  MQXB.  If  required, 
the  geometrical  harmonics  can  be  further  optimized  by 
introducing  additional  wedges  in  the  coil. 


Table  3:  Systematic  field  harmonics  bn  @Rref=Rbore/2. 


n 

Aperture  I 

110  mm 

100  mm 

90  mm 

70  mm 

6 

0.0002 

0.0005 

0.0006 

-0.013 

10 

0.0033 

0.0029 

0.0045 

-0.001 

14 

0.0118 

0.0046 

0.0069 

-0.0011 

Short  sample  limit 

Figure  2  shows  the  calculated  quench  gradient  for  1 10, 
100  and  90  mm  quadrupoles  as  a  function  of  the  critical 
current  density  in  the  non-copper  area  of  the  supercon¬ 
ducting  cable.  The  NbsSn  strands  with  Jc(12T,4.2K)  more 
than  3  kA/mm^  allow  a  quench  gradient  above  250  T/m  to 
be  reached  in  all  the  designs.  An  R&D  program  in  the 
U.S.,  aimed  at  the  development  of  high  Jg  NbsSn  strands 
for  a  new  generation  of  SC  accelerator  magnets,  has  been 
launched  few  years  ago.  Based  on  the  results  achieved  in 
the  framework  of  this  program,  strands  with  the  critical 
current  density  >3  kA/mm^  will  be  available  in  2-3  years. 
The  Jc(12T,4,2K)  of  2.9  kA/mm^  has  been  reached  in 
short  samples.  However,  more  work  has  to  be  done  on 
reduction  of  strand  magnetization  and  improvement  of 
their  stability. 

The  data  presented  in  Figure  2  and  Table  1  confirm  that 
the  efficiency  of  the  magnet  design  decreases  with  aper¬ 
ture  increasing.  In  order  to  reach  the  same  field  gradient 
wider  coils  with  higher  critical  current  density  are  re¬ 
quired. 

The  maximum  quench  field  in  the  coil  of  the  110,  100 
and  90  mm  quadrupoles  reaches  15.3,  14.5  and  13.5  T 
respectively  with  cable  critical  current  density  of  3 
kA/mm^  at  12  T  and  4.2  K.  The  maximum  field  in  the  1 10 
mm  quadrupole  exceeds  the  maximum  field  achieved  in 
the  NbaSn  high  field  accelerator  magnets  at  present  time. 


Figure  2:  Quench  gradients  at  4.2  K  as  functions  of  the 
critical  current  density  in  the  coil. 
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Lorentz  forces  and  coil  stress 

Table  4  presents  the  calculated  horizontal  and  vertical 
components  of  the  Lorentz  force  applied  to  one  octant  of 
the  coil  at  the  nominal  field  gradient  of  205  T/m,  and  the 
maximum  stress  in  the  coil  associated  with  these  forces. 
Analysis  shows  that  the  level  of  Lorentz  forces  in  the  90- 
mm  quadrupole  reaches  the  same  level  as  in  the  LHC  arc 
dipoles.  In  the  quadrupole  with  110  mm  aperture  the  ex¬ 
pected  Lorentz  forces  are  higher  than  the  forces  in  the 
NbsSn  high  field  dipole  models  being  developed  at  the 
present  time  for  different  applications. 

The  level  of  mechanical  stresses  in  the  coil  of  the  110 
mm  quadrupole  approaches  to  100  MPa.  To  provide  the 
coil  pre-stress  of  this  level  at  operating  temperature,  the 
coil  prestress  during  fabrication  increases  to  the  level  at 
which  significant  irreversible  NbsSn  strand  degradation 
may  occur.  Clearly,  the  robust  mechanical  structure  ca¬ 
pable  of  providing  an  adequate  coil  support  during  opera¬ 
tion  and  avoiding  coil  over-compression  during  fabrica¬ 
tion  is  a  key  element  for  these  quadrupole  designs. 


Table  4:  Lorentz  forces  and  maximum  coil  stress. 


Parameter 

1  Aperture  | 

110  mm 

100  mm 

90  mm 

Fx(205T/m),  MN/m 

3.44 

2.38 

1.5 

Fy(205T/m),  MN/m 

-3.42 

-2.39 

-1.92 

Maximum  coil  stress,  MPa 

99 

90 

73 

Quench  protection 

All  superconducting  accelerator  magnets  have  large 
stored  energy  and  require  a  special  quench  protection  sys¬ 
tem  in  case  of  quench.  Magnet  inductance  and  stored  en¬ 
ergy  at  the  nominal  field  gradient  of  205  T/m  for  the  1 10, 
100  and  90  mm  quadrupoles  are  presented  in  Table  5. 
Quench  protection  of  these  magnets  can  be  provided  us¬ 
ing  the  traditional  approach  based  on  internal  quench  pro¬ 
tection  heaters,  which  distribute  the  stored  energy  in  the 
coil,  thereby  preventing  coil  overheating  and  reducing  the 
voltages  between  the  coil  and  ground  as  well  as  mechani¬ 
cal  shock  in  the  coil  during  quench.  The  acceptable  coil 
maximum  temperature  for  accelerator  magnets  is  300-400 
K,  The  results  of  calculation  of  the  maximum  coil  hot  spot 
temperature,  Ths,  in  the  region  where  the  quench  occurred 
and  the  maximum  temperature  under  the  quench  heaters, 
Tbik,  are  reported  in  Table  5  for  the  fractions  of  coil  vol¬ 
ume  quenched  by  the  heaters,  Fqh,  of  50%  and  25%. 


Table  5:  Quench  protection  parameters. 


Parameter 

Aperture  | 

110  mm 

100  mm 

90  mm 

L,  mH/m 

17.46 

14.71 

4.86 

W(205  T/m),  kJ/m 

1181 

703 

468 

Ths.K 

F,h=50% 

230 

225 

230 

Fah=25% 

335 

320 

315 

Tbik.K 

Fah=50% 

150 

140 

127 

F,h=25% 

220 

200 

180 

For  the  redundancy  of  quench  protection  system  the  pa¬ 
rameter  Fqh  that  provides  safe  coil  protection,  should  be 
less  than  50%.  In  this  case  two  parallel  sets  of  heaters 
could  be  installed  in  the  magnet.  Calculations  show  that 
even  for  Fqh=25%  the  coil  maximum  temperature  in  all 
the  quadrupole  designs  is  within  315-335  K.  With 
Fqh=50%  the  maximum  temperature  does  not  exceed  250 
K  which  is  more  comfortable  for  brittle  NbaSn  coils. 


CONCLUSION 

The  studies  presented  here  show  that  a  1 10-mm  aper¬ 
ture  quadrupole  magnet  using  NbaSn  strand  can  provide  a 
maximum  field  gradient  of  250  T/m  (20%  above  the  pre¬ 
sent  nominal  gradient  of  205  T/m)  with  acceptable  field 
quality.  Quench  protection  of  these  magnets  can  be  pro¬ 
vided  using  the  traditional  approach  based  on  internal 
quench  heaters. 

Single-aperture  inner  triplets  with  these  magnets  can 
reduce  P*  by  a  factor  of  3,  from  50  cm  to  17  cm  leading 
to  a  potenti^  luminosity  increase  by  a  factor  of  3. 

However,  the  following  parameters  make  the  110  mm 
quadrupoles  quite  challenging: 

-  the  critical  current  margin  of  20%  requires  high- 
performance  NbsSn  strands  with  the  critical  current 
density  Jc(12T,4.2K)>3  kA/inm^ 

-  the  peak  field  in  the  coil  at  quench  exceeds  the  state- 
of-the-art  level  of  15  T  for  NbsSn  accelerator  magnets; 

-  the  maximum  stress  in  the  coil,  induced  by  Lorentz 
forces,  reaches  100  MPa  approaching  the  level  of 
stress  which  may  cause  significant  degradation  or  even 
damage  of  brittle  NbaSn  coils. 

The  risks  associated  with  the  above  factors  have  to  be 
analyzed  and  taken  into  account  while  choosing  the  final 
quadrupole  aperture. 
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Abstract 

KEK  has  developed  a  superconducting  quadrupole 
magnet,  MQXA,  for  the  LHC  interaction  region.  This 
magnet  is  required  to  generate  an  operating  field  gradient 
of  215  T/m  in  the  magnet  bore  of  70  mm  and  have  an 
effective  magnetic  length  of  6.37  m.  For  the  accelerator 
operation,  sixteen  MQXA  magnets  will  be  installed  in 
total  for  four  interaction  regions,  and  the  cold  tests  of  ten 
MQXA  magnets  of  them  have  been  completed.  These  ten 
magnets  had  good  quench  performance  and  satisfactory 
field  quality  for  the  requirement  of  beam  optics.  This 
paper  describes  the  production  quality  and  the  magnet 
performance  of  the  MQXA  magnets. 

INTRODUCTION 

Under  the  cooperative  program  between  CERN  and 
KEK,  KEK  has  developed  a  superconducting  low-beta 
quadrupole  magnet,  MQXA,  for  the  LHC  interaction 
region  [1],  and  KEK  will  provide  eighteen  MQXA 
magnets  in  total,  including  two  spare  magnets.  These 
MQXA  magnets  will  operate  in  the  final  focus  system 
Oow-p  triplet)  with  the  MQXB  magnets  developed  by 
FNAL  [2].  The  MQXA  magnets  are  designed  to  have  a 
magnet  bore  of  70  mm  and  generate  an  operating  field 
gradient  of  215  T/m  along  the  effective  magnetic  length 
of  6.37  m  in  the  superfluid  helium  at  1.9K  [3,  4].  As  the 
peculiar  points  in  this  design,  the  magnet  has  a  four-layer 
coil  configuration  with  current  grading,  however, 
mechanically  the  magnet  has  a  two-layer  coil 
configuration.  The  horizontal  split  iron  yokes  have  a 
function  of  mechanical  support  against  the  electro¬ 
magnetic  force.  The  main  parameters  are  summarized  in 
Table  1. 

After  the  R&D  studies  with  two  full-scale  proto-type 
magnets  [5],  the  series  production  of  MQXA  was 
launched  in  2001  [6].  Presently,  the  construction  of  eleven 
MQXA  magnets  was  completed  and  ten  of  these  magnets 
were  tested  at  1.9  K.  We  report  the  production  and 
performance  of  these  ten  MQXA  magnets  in  this  paper. 

PRODUCTION 

Coil  Size  Control 

In  order  to  minimize  the  difference  from  magnet  to 
magnet  in  the  mechanical  characteristics  and  field  quality, 
the  dimension  of  each  coil  is  controlled  during  the  curing 
process.  To  confirm  manufacturing  quality  in  this  process, 
the  coil  sizes  were  measured  at  six  points  along  the 
straight  section  for  each  octant  of  the  inner  or  outer  two 
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Table  1:  Main  Parameters  of  LHC-MQXA 


Field  gradient=215T/m 

Coil 

Current=7149A 

inner  radius=35mm 

Peak  field=8.63  T 

outer  radius=8 1 .3mm 

Load  line  ratio 

Yoke 

inner=80% 

inner  radius=92mm 

outer=78% 

outer  radius=235mm 

Stored  energy=352kJ/m 
Inductance^  1 3. 8mH/m 

Yoke  length=6.51m 

Effect,  mag.  length=6.37m 

layer  coils.  In  Figs.  1  (a)  and  (b),  the  average  coil  sizes  of 
MQXA-1  to  10  under  the  pressure  of  53MPa  are  shown. 
The  error  bars  correspond  to  the  standard  deviation  of  lo 
for  the  48  measured  values.  The  coil  size  is  described  by 
the  deviation  from  the  design  dimension.  The  coil  sizes  of 
the  inner  layers  varied  from  -74  pm  for  MQXA-5  to  -5 
pm  for  MQXA- 10,  and  the  standard  deviation  of  la  for 
ten  magnets  is  23  pm.  For  each  magnet,  the  deviation  of 
lo  is  in  the  range  from  15  pm  to  23  pn.  For  the  outer 
layers,  the  variations  of  the  coil  size  are  smaller  than  those 
of  the  inner  layers.  The  la  for  ten  magnets  is  7  pm.  The 
la  in  each  magnet  is  in  the  same  range  as  the  inner  layers. 
The  la  of  the  measured  Young’s  moduli  for  ten  magnets 
are  0.11  GPa  and  0.22  GPa  for  the  inner  and  outer  layers, 
respectively.  From  those  measured  results,  the  variations 
are  within  the  production  tolerance,  and  the  ten  magnets 
showed  a  good  reproducibility. 


Figure  1:  Coil  size  (a,b)  and  Young’s  Modulus  (c)  of 
MQXA-1  to  10. 


Cold  Mass  Geometry 

The  deformation  (bending)  of  the  magnet  cold  mass 
was  measured  after  welding  the  magnet-shell,  and  before 
and  after  the  cold  test.  In  Fig.  2,  the  deformations  after  the 
cold  test  are  shown.  The  magnets  were  aligned  on  the 
supports  at  the  axial  positions  of  plus  and  minus  2100  mm 
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for  these  measurements.  In  the  early  MQXA  magnets,  the 
large  vertical  deformations  from  0,8  mm  to  1.1  mm  were 
measured.  Presently,  it  is  understood  that  these  deforma¬ 
tions  were  induced  by  welding  caps  of  the  holes  on  the 
shell  for  the  assembly  and  the  magnet  sag.  In  the  recent 
magnets,  the  welding  scheme  was  improved  and  this 
vertical  deformation  was  reduced.  The  horizontal  defor¬ 
mations  of  ten  magnets  were  within  plus  or  minus  0.3 
mm.  These  deformations  were  within  the  mechanical 
tolerance. 


Figure  2:  Vertical  (a)  and  horizontal  deformations  (b)  of 
ten  magnets.  The  position  of  z=0  mm  corresponds  to 
the  magnet  center. 


QUENCH  PERFORMANCE 

In  order  to  evaluate  the  quench  performance  of  the 
magnets,  all  magnets  are  scheduled  to  be  tested  at  1.9  K  in 
the  vertical  cryostat  at  KEK.  The  test  scheme  is  as 
follows:  (1)  Training  quench  up  to  230  T/m  with  a  ramp- 
rate  of  10  A/s.  (2)Full  eneigy  dump  test  at  215  T/m  (LHC 
operating  point)  induced  by  a  quench  protection  heater. 
(3)Re-excitation  up  to  220  T/m  without  a  quench. 

Fig.  3  shows  the  training  quench  history  of  MQXA-1  to 
10.  All  magnets  reached  230  T/m  after  their  training 
quenches.  For  these  ten  magnets,  the  total  number  of 
quenches  was  72  times  including  the  quenches  during  the 
second  thermal  cycle.  The  ratios  of  the  quench  locations 
are  60%,  28%  and  11%  in  the  lead  end,  the  return  end  and 
the  straight  section,  respectively.  Fig.  4  shows  the  distri¬ 
bution  of  the  quench  locations  for  each  magnet.  From  the 
MQXA-1  to  MQXA-7,  the  locations  of  the  quench  origin 
concentrated  in  the  both  ends,  especially  in  lead  end. 
However,  the  MQXA- 10  showed  different  characteristics, 
i.e.  four  quenches  in  the  magnet  straight  section,  the 
largest  number  of  training  quench  (during  the  first  thermal 
cycle)  and  the  lowest  current  at  the  first  quench.  We  will 
watch  this  quench  behavior  for  the  successive  magnets. 

In  the  full  eneigy  dump  test  at  215  T/m,  it  was  confirmed 
that  the  measured  MIITs  ranged  from  11.1  to  11.5  and  the 
coil  temperature  was  less  than  350  K  in  the  adiabatic 
assumption.  After  this  dump  test,  all  magnets  were 
energized  to  220  T/m  without  a  quench. 


Figure  3:  The  training  history  of  the  MQXA-1  to  10, 


MQXA  Magnet  Number 

Figure  4:  Distribution  of  the  quench  location. 

MAGNETIC  FIELD  PERFORMANCE 


Field  Gradient  and  Effective  Magnetic  Length 

The  magnetic  field  measurements  were  performed 
using  a  600  mm  long  harmonic  coil  of  which  nominal  coil 
radius  was  21  mm  [7].  In  order  to  obtain  the  integral 
magnetic  field,  the  harmonic  coil  was  moved  stepwise 
along  the  magnet  length,  z-scan  measurements,  in  a  warm 
bore  of  a  vertical  anti-cryostat.  For  six  excitation  currents, 
the  z-scan  measurements  were  performed.  The  measured 
field  gradient,  G,  and  the  effective  magnetic  length, 
were  summarized  in  Table  2.  G  and  Leff  the  average 
of  ten  magnets  and  la  is  its  standard  deviation.  The  G 
values  of  12.366T/m  and  216.24  T/m  are  close  to  the  field 
gradients  at  the  injection  porch  and  the  flat  top  of  the 
accelerator  cycle,  respectively.  Four  data  between  these 
two  currents  were  taken  to  obtain  the  current  dependence 
of  G.  For  each  current,  la  was  in  the  level  of  3x10*^  with 
respect  to  each  field  gradient.  The  effective  magnetic 
lengths  were  in  the  range  of  from  6.365  m  to  6.3686  m 
and  la  was  less  than  1  mm.  From  these  results,  the 
differences  from  magnet  to  magnet  in  G  and  Leff  ^re 
quite  small  for  these  magnets. 


Table  2:  Field  Gradient  and  Effective  Magnetic  Length 


/ 

G,T/m 

m 

kA 

average 

la 

average 

la 

0.392 

12.366 

0.004 

6.3650 

0.0008 

2.011 

63.278 

0.016 

6.3648 

0.0008 

3.208 

100.68 

0.026 

6.3647 

0.0007 

6.134 

185.87 

0.049 

6.3676 

0.0008 

6.677 

200.97 

0.047 

6.3681 

0.0008 

7.228 

216.24 

0.058 

6.3686 

0.0008 

Field  Quality 

The  measured  error  field  components  are  described  as 
the  multipole  coefficients  on  the  reference  radius  of 
17mm  by  Eq.  1, 
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B,  +  iB,  =  10-^  Bj  S  [K  ^  .  (1) 

where  B2  is  the  quadrupole  strength,  R^ef  is  the  reference 
radius.  The  coefficients  bn  and  a„  are  the  normal  and  skew 
2«-pole  coefficients.  These  coefficients  are  expressed  in 
units,  which  are  normalised  with  respect  to  B 2  and  scaled 
by  a  factor  10,000. 

For  the  production  of  MQXA  magnets,  the  reference 
error  components  at  215  T/m  were  defined  from  the  R&D 
studies  with  five  Im-model  magnets  and  field 
calculations.  The  reference  systematic  and  random  error 
components  are  shown  in  Table  3.  For  the  MQXA-1  to  10 
magnets,  the  error  components  in  the  straight  section  of 
5.4  m  at  the  current  of  7.228  kA  are  shown  in  Table  4.  In 
this  sec-tion,  the  averaged  b4  was  1.23  units,  and  it  was 
beyond  the  systematic  error  in  Table  3.  This  is  still 
controllable  in  the  beam  optics  because  the  corrector, 
which  will  be  installed  in  the  triplet  system,  has  a  capacity 
to  cancel  two  times  larger  than  1.23  units.  The  other 
harmonic  com-ponents  was  in  very  low  values  compared 
to  the  sys-tematic  errors  in  Table  3.  Especially,  averaged 
bs  was  0.16  units  while  the  allowed  systematic  b^  error 
was  0.94  units. 


Table  3:  Reference  Error  Field  for  MQXA 


n 

b„ 

design 

sys.  err.  rand.  err. 

design 

sys.  err. 

rand.  err. 

♦Straight  Section  (Leff=5.8  m) 

3 

0.0 

0.50 

0.99 

0.0 

0.50 

0.99 

4 

0.0 

0.67 

0.54 

0.0 

0.27 

0.54 

5 

0.0 

0.13 

0.26 

0.0 

0.13 

0.26 

6 

40.134  0.94 

0.48 

0.0 

0.07 

0.13 

7 

0.0 

0.03 

0.06 

0.0 

0.03 

0.06 

8 

0.0 

0.02 

0.03 

0.0 

0.03 

0.03 

9 

0.0 

0.01 

0.02 

0.0 

0.01 

0.02 

10 

40.001  0.06 

0.03 

0.0 

0.01 

0.01 

♦Lead  End  (Ljh=0.3  1  m) 

6 

4.65 

0.25 

0.12 

0.0 

0.03 

0.03 

10 

-0.129  0.03 

0.03 

0.0 

0.03 

0.03 

♦Return  End  (L^fpO.  19  m) 

6 

-0.53 

0.42 

0.20 

0.0 

0.05 

0.05 

10 

-0.16 

0.05 

0.05 

0.0 

0.05 

0.05 

Table  4:  Multipole  Coefficients  in  Straight 

Section 

n 

K 

a„ 

average 

la 

average 

la 

3 

0.03  0 

.36 

0.22 

0.36 

4 

1.23  0 

.12 

-0.07 

0.36 

5 

-0.00  0 

.04 

0.02 

0.05 

6 

0.16  0 

.10 

-0.04 

0.03 

7 

-0.00  0.01 

-0.00 

0.01 

8 

0.01  0.00 

0.00 

0.01 

9 

-0.00  0.01 

-0.00 

0.00 

10 

-0.01  0.01 

-0.01 

0.00 

Table  5:  Multipole  Coefficients  in  Ends 

n 

Lead  End 

Return  End 

ave.  b„ 

la  ave.  a„ 

la 

ave.  b„ 

la 

ave.  a„ 

la 

3 

0.08 

0.45  0.86 

0.64 

-0.02 

1.47 

-0.01 

1.18 

4 

2.13 

0.24  0.04 

0.48 

1.12 

0.24 

0.20 

0.28 

5 

0.00 

0.26  -0.16 

0.22 

-0.01 

0.19 

0.06 

0.17 

6 

2.66 

0.13  0.09 

0.06 

-0.49 

0.12 

-0.06 

0.04 

7 

-0.02 

0.02  0.03 

0.02 

0.00 

0.01 

-0.01 

0.02 

8 

0.12 

0.01  0.00 

0.02 

0.01 

0.01 

-0.00 

0.01 

9 

-0.00 

0.01  0.00 

0.01 

-0.00 

0.02 

0.00 

0.02 

10 

-0.06 

0.01  -0.00 

0.01 

-0.09 

0.01 

-0.00 

0.01 

The  variations  from  magnet  to  magnet  in  the  multipole 
components  were  very  small,  and  I0  of  each  multipole 
coefficient  was  within  the  range  of  the  random  error. 

The  multipole  components  in  both  ends  at  the  current  of 
7.228k A  are  summarized  in  Table  5.  From  the  constraint 
of  the  measurement  system,  the  measured  effective 
lengths  for  the  lead  end  and  the  return  end  are  0.63m  and 
0.34m,  respectively,  and  they  are  different  from  the  values 
in  Table  3.  In  the  both  ends,  the  large  multipole 
components  are  and  b^.  In  the  lead  end,  b^  of  2.66  units 
is  almost  same  as  the  design  value  for  this  effective 
magnetic  length.  The  coefficient  b4  of  2.13  units 
corresponds  to  the  integrated  of  1.34  units^m,  and  the 
value  is  one  fifth  of  in  the  straight  section.  It  can  be 
cancelled  by  the  corrector.  In  the  return  end,  b^  is  slightly 
larger  than  the  design  in  the  negative  sign.  Since  b^  in  the 
straight  section  and  the  lead  end  has  a  positive  sign,  b^  in 
the  return  end  reduces  the  integral  b^  in  the  whole  magnet. 

CONCLUSION 

The  ten  production  MQXA  magnets  for  the  LHC 
interaction  regions  were  manufactured  and  tested  at  1.9  K. 
All  magnets  reached  230  T/m  after  the  training  quenches, 
and  they  were  re-excited  up  to  220  T/m  without  a  quench 
following  the  full  energy  dump  at  215  T/m. 

The  variations,  1  a,  of  the  field  gradient  and  the 
magnetic  length  were  3x10  '^  with  respect  to  their  gradient 
and  less  than  1mm,  respectively.  As  for  the  field  errors, 
Z>4  was  the  major  component  and  the  integral  Z?^  in  the 
straight  section  was  1.23  units.  The  Z?^  was  still  within  a 
capacity  of  the  Z)^  corrector.  All  other  harmonics  were 
satisfactory  below  the  beam  optics  requirements. 
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Abstract 

A  force  free  design  of  super-ferric  beam  line  magnet  is 
proposed.  Super-ferric  magnets  use  induction  efficiently 
to  produce  magnetic  field.  The  problem  of  super-ferric 
magnet  has  been  the  electromagnetic  force  that  increases 
the  heat  load  of  the  magnet  and  eliminates  the  advantage 
of  the  energy  saving  of  superconductivity.  This  design 
balances  out  the  electromagnetic  force  works  on  the 
conductor  and  realizes  the  very  light  support  of  the 
conductor  resulting  a  very  small  cold  mass  and  heat  load. 
Beam  line  magnet  can  be  much  more  economical  both  in 
construction  and  operation.  Shifting  of  conductor  position, 
asymmetric  pole  width  and  adjusting  holes  in  the  pole 
piece  are  the  major  force  balancing  techniques.  Testing  is 
planned  using  VLHC  test  facility  at  Fermilab 

INTRODUCTION 

Beam  line  magnet  has  been  an  attractive  application 
area  of  superconducting  magnet.  High  ramp  rate  that 
generate  transient  loss  of  superconductor  is  not  required 
in  most  of  the  beam  lines.  Power  saving  of  super¬ 
conducting  magnets  in  DC  operation  is  very  large. 
However,  construction  cost  of  superconducting  magnets 
and  operation  cost  of  cryogenic  system  has  been 
expensive  enough  to  hesitate  the  use  of  superconducting 
magnets  unless  the  requirement  of  the  bending  field  is 
very  high. 

One  of  the  solutions  to  use  suprconducting  magnet 
efficiently  at  low  field  is  the  use  of  iron  yoke.  Super-ferric 
magnet  should  be  very  economical  because  it  uses  much 
less  superconductor.  The  problem  of  superferric  magnet  is 
the  cryogenics.  Cryostat  containing  whole  iron  is  costly 
and  lossy.  Warm  iron  design  has  a  problem  of  large 
electro-magnetic  force  between  iron  and  conductors. 
Heavy-duty  spacers  to  support  coils  in  a  vacuum 
insulation  easily  give  a  very  large  heat  load  to  the 
cryogenic  system.  Cost  down  merit  of  super-ferric  magnet 
is  difficult  to  achieve  in  both  case. 

The  design  presented  in  this  paper  balances  out  the 
electro-magnetic  field  by  two  gaps  of  iron.  Since  support 
system  is  very  simple  and  light,  cryogenic  load  is  small 
and  construction  cost  is  very  low.  The  principle  of  the 
force  balance  is  similar  to  the  VLHC  Pipetron  magnet  but 
the  construction  of  the  magnet  is  made  asymmetric  so  that 
it  becomes  suitable  for  single  bore  beam  line  magnets. 

DESIGN  PRINCIPLE 

The  electromagnetic  force  on  the  magnet  conductor  is 
the  vector  product  of  field  and  current.  For  example,  20 
turns  of  5iL\  in  2T  field  results  in  200,000N.  It  easily 
becomes  very  large.  This  is  the  reason  why  we  need  to 
design  magnets  with  very  rigid  supporting  structure  to 


prevent  quenches  due  to  conductor  motions.  However,  if 
the  direction  of  the  field  is  opposite  at  both  sides  of  a 
conductor,  the  total  force  working  on  the  conductor  could 
be  balanced  out.  This  is  automatically  achieved  in  a 
symmetric  structure  having  a  single  conductor  in  the 
center  of  the  collider  geometry.  The  pipetron  magnet,  or 
transmission  line  magnet,  in  the  VLHC  phase  I  design,  is 
based  on  this  principle  [1].  Although  it  requires  lOOkA 
class  high  current,  2T  magnetic  field  in  a  2  cm  iron  gap 
was  successfully  achieved  by  a  single  conductor.  Support 
structure  of  the  conductor  of  this  magnet  was  very  simple 
and  light  with  small  heat  load. 

Two-aperture  geometry  of  pipetron  magnet  requires 
twice  large  current  to  generate  field.  Therefore,  it  is  not 
ideal  to  use  such  two-aperture  magnet  for  a  beam  line, 
which  uses  only  one  aperture.  Because  most  of  beam  lines 
require  larger  pole  gap,  typically  40mm,  operation  current 
will  become  too  large  to  operate.  Although  we  have 
solution  for  it,  high  current  is  the  major  disadvantage  of 
this  design.  Since  the  electro-magnetic  force  on  the 
conductor  is  generated  by  the  leakage  field  comes  from 
the  pole  gap,  one  gap  which  is  not  used  for  beam  can  be 
smaller  than  other  gap  if  the  conductor  position  is  shifted 
closer  to  the  smaller  gap.  The  basic  geometry  of  this 
magnet  is  shown  in  Fig.l.  Conductor  is  the  only 
cryogenic  part  of  the  magnet.  It  is  supported  in  a  vacuum 
jacket  covered  by  super-insulations  and  cooled  by  the 
liquid  helium  flow  in  the  conductor.  Other  parts  all  stay  at 
room  temperature.  Therefore,  the  cold  mass  of  the  magnet 
is  very  small. 


Fig.  1 :  Asymmetric  force  balance  structure. 

LSuperonducting  cable  2:Conductor  support  3:Vacuum 
tube  for  thermal  insulation  4:Iron  yoke  5:Iron  support 
structures  made  of  non-magnetic  stainless  steel.  6:Beam 
gap  7:Dummy  gap  to  generate  coxmter  force 
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The  conductor  is  made  of  superconducting  braid 
sandwiched  between  two  invar  pipes  so  that  the  thermal 
contraction  is  avoided.  The  beam  tube  is  placed  in  the 
large  gap.  The  small  gap  works  as  the  dummy  gap  to 
generate  the  force  balance  field. 

FORCE  BALANCING 

The  problem  of  the  asymmetric  construction  is  the 
saturation  of  iron.  In  a  symmetric  geometry,  force  balance 
can  be  maintained  no  matter  how  iron  is  saturated  but  the 
force  balance  can  not  be  automatically  maintained  in 
asymmetric  geometry  when  both  side  of  iron  saturate 
differently.  The  calculation  of  magnetic  field  and  the 
force  on  the  conductor  has  to  be  made  using  finite 
element  code  with  non-linear  iron  permeability.  We  used 
ANSYS  6.2.  The  optimum  design  should  be  determined 
by  looking  at  the  force  as  a  function  of  the  current. 

Figure  2  is  the  plot  of  the  force  on  the  conductor  as  a 
function  of  the  central  field  of  the  beam  space.  Curves  are 
plotted  for  different  dummy  gaps.  Apparently,  the  force 
balance  changes  with  the  current.  Forces  are  not 
completely  eliminated.  However,  the  level  of  the  force  is 
in  the  order  of  several  hundred  Newton’s  if  the  gap  is 
adjusted  to  the  optimum  for  the  field  of  up  to  1.5  Tesla. 
This  is  not  large  and  practically  acceptable  for  a  light 
spacer  system.  Since  conventional  magnets  are  excited 
often  to  the  saturation  level,  it  is  desired  to  go  to  higher 
field  to  compete  with  conventional  magnets  in  the 
construction  of  beam  lines. 

There  is  a  way  to  control  the  saturation  of  iron  to  some 
extent.  The  force  calculation  result  after  saturation  control 
is  shown  in  Fig.3.  If  the  width  of  pole  piece  is  wide,  the 
saturation  starts  at  higher  current.  If  a  hole  is  made  at  the 
edge  of  the  pole  piece,  local  saturation  of  iron  provide 
counter  electro-magnetic  force  at  lower  level  of  excitation. 


Fiolriri’) 

Fig.  2:  Electro-magnetic  force  in  asymmetric  construction 

Forces  for  different  dummy  gaps  are  plotted.  Half  gap 
15.3  mm  provides  optimum  force  balance  up  to  1.5T  widi 
maximum  force  -200  N. 


Combining  such  techniques,  one  can  design  a  no-force 
magnet  for  a  single  aperture  beam  line  magnet.  Figure  4  is 
the  cross  section  of  the  design  example.  Flux  line  pattern 
in  the  optimised  geometry  is  also  shown  in  the  figure.  It  is 
shown  that  the  force  balance  is  well  maintained  even  after 
a  severe  saturation  of  iron  started  at  1.5T.  Essentially 
there  is  no  force  up  to  1.7T.  The  vertical  force  is  zero  if 
the  conductor  is  in  the  vertical  center  but  this  is  an 
unstable  balance.  De-centering  force  of  2kN/mm  works 
on  the  conductor.  Therefore,  vertical  alignment  of  less 
than  0.1  mm  is  required  to  stay  within  200N,  although  the 
field  quality  is  not  much  affected  by  the  position  of  the 
conductor.  The  conductor  support  can  achieve  this 
accuracy  [1].  The  beam  gap  of  the  magnet  in  Fig.4  is 
140mm  X  40mm.  Operation  current  is  129,2  kA  at  1.7T. 
Most  of  beam  line  requirement  is  satisfied  by  this  design. 
For  example,  a  beam  line  of  50GeV  proton  with  bending 
radius  110m  needs  1.514  T  in  the  average.  If  magnetic 
field  of  1.7T  is  provided  in  the  magnet,  20cm  spaces  are 
available  between  every  magnet  of  length  2m.  Monitors 
and  other  instrumentation  can  be  installed  in  these  spaces. 
One  side  of  beam  tube  is  opened  and  accessible  in  this 
magnet  and  the  necessary  spaces  in  between  magnets  are 
not  as  much  as  H  shape  magnets.  Since  the  field  of  this 
magnet  is  generated  by  single-conductor  cable, 
quadrupole  magnet  of  this  type  is  not  possible.  Alternate 
gradient  configuration  is  necessary  to  make  magnet 
combined  with  the  focusing  capability. 

OTHER  ADVANTAGES 

By  moving  the  conductor  fi-om  the  center  to  the 
asymmetric  position,  the  space  for  the  structure  to  connect 
top  and  bottom  iron  became  available. 


Fig.  3:  Electro-magnetic  force  in  adjusted  construction 


Pole  width  200mm  and  half  gap  13.2inm  with  5mm 
diameter  hole  in  the  dummy  pole  piece  gave  optimum. 
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With  the  combination  with  the  spacer  in  the  dummy 
gap,  both  iron  yokes  can  be  firmly  connected.  Since  the 
field  quality  of  this  magnet  is  dependent  on  the  iron  shape, 
and  the  force  between  two  irons  is  very  large,  such 
structure  is  helpful  to  achieve  the  field  quality. 

It  is  important  to  reduce  unnecessary  field  in  produced 
by  the  current  at  the  spaces  in  between  magnets.  If  we  use 
symmetric  two  gap  magnet,  it  is  difficult  to  shield  the 
beam  tube  from  the  field  coming  from  the  conductor. 
Beam  tube  is  too  close  to  the  conductor.  In  this  design,  the 
distance  between  the  beam  tube  and  the  current  provide 
the  space  for  shielding.  Even  just  rotating  the  iron 
structure  by  90  degree  would  provide  a  nice  magnetic 
shield  with  no-force  on  the  conductor. 

The  connecting  structure  of  iron  also  works  as  the 
radiation  shield.  Since  conductors  are  exposed  to  the 
beam  space  in  usual  magnet  design,  beam  induced 
quenches  are  serious  problems  for  superconducting 
magnets.  Magnets  are  often  designed  widi  extra  large 
aperture  to  avoid  beam  induced  quenches  and  this  causes 
high  cost  of  production  and  operation.  But  this  magnet 
hide  superconductor  behind  the  thick  stainless  steel  block 
and  there  is  no  problem  of  beam  induced  quenches. 


OPERATIONAL 

To  operate  this  magnet  in  a  beam  line,  we  need  to  set 
up  the  vacuum  insulated  conductor  along  the  beam  line 
just  like  a  power  transmission  line.  Iron  yokes  covering 
this  transmission  line  will  simply  make  the  magnet  strings. 
The  return  current  bus  has  to  be  made  separately.  There  is 
a  possibility  to  use  return  current  but  the  contribution  of 
the  return  current  to  the  single  aperture  magnet  is  very 
little  [2]. 


l:Superonducting  cable  2:  Conductor  support  3: Vacuum 
tube  for  thermal  insulation  4: Iron  yoke  5:Iron  support 
structures  made  of  non-magnetic  stainless  steel.  6:Beam 
gap  7:Dummy  gap  to  generate  counter  force  8:Holes  in 
the  dummy  pole  piece  to  control  the  saturation  of  iron 


Very  simple  structure  of  the  magnet  makes  the 
construction  cost  very  reasonable.  However,  the  operation 
of  this  magnet  requires  a  very  large  current.  At  low  field, 
lOOkA  is  not  a  very  large  current  for  superconductor.  The 
current  carrying  capacity  of  superconductor  increases 
very  much  at  low  field.  A  test  of  conductor  operation  for 
pipetron  was  successfully  made  including  joints  at 
Fermilab  [1].  In  case  of  very  long  beam  line,  Nb3Sn  can 
be  used  to  run  the  system  with  elevated  temperature  [3]. 

Thermal  contraction  in  thick  straight  line  is  difficult  to 
handle  but  the  transmission  line  conductor  uses  invar 
pipes  both  for  liquid  helium  channel  and  the  pressure  pipe 
so  the  contraction  effect  is  minimized  to  the  level  that 
mechanical  stresses  resulting  from  contraction/expansion 
can  be  well  controlled.  A  lOOkA  power  supply  is 
technically  not  difficult  but  costly  if  it  is  done  in 
conventional  way.  We  have  introduced  a  special  power 
supply  system.  Even  the  current  is  high,  the  voltage 
required  to  excite  this  magnet  is  very  low.  Recent 
development  of  IGBT  chopper  and  shotky  diode  enables 
us  to  build  low  voltage  high  current  power  supply.  A 
lOOkA  power  supply  was  already  built  at  Fermilab.  KEK 
demonstrated  feasibility  of  such  a  power  supply  using  a 
smaller  version  [4].  Current  leads  to  supply  lOOkA  into 
the  conductor  have  been  fabricated  at  Fermilab  and  will 
be  tested  soon.  The  cryogenic  heat  load  of  the  current  lead 
is  about  Ikw  including  the  helium  flow  in  the  leads  and 
this  is  the  main  part  of  the  heat  load.  Still  total  heat  load  is 
not  as  much  as  the  usual  superconducting  magnet  if  the 
length  of  the  beam  line  is  sufficiently  long. 


CONCLUSION 

The  force  free  design  of  superferric  beam  line  magnet 
was  successfully  performed.  A  test  operation  of  this 
magnet  is  being  prepared  using  the  VLHC  test  bench  at 
Fermilab.  Detailed  force  balance  characteristics  will  be 
studied  in  the  test  operation.  If  this  design  is  applied  in 
some  of  the  accelerator  beam  line,  it  becomes  a  good 
performance  proof  of  the  VLHC  phase  I  superconducting 
magnet  system  for  the  operation  economy  and  long  term 
reliability. 
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Abstract 

Lawrence  Berkeley  National  Laboratory  (LBNL)  is 
carrying  out  a  conceptual  design  study  of  a  NbaSn 
quadrupole  for  the  next  generation  LHC  Interaction 
Region  (IR).  The  choice  of  a  gradient  of  205  T/m  and  an 
increased  bore  size  of  90  mm  represents  a  promising 
strategy  towards  increasing  the  luminosity  up  to  an 
ultimate  goal  of  2.3x10^  cmW  At  the  present  time 
NbsSn  is  the  only  conductor  with  sufficient  current 
density  for  this  application.  Coil  designs  with  either  two 
or  four  layers  are  being  considered.  Previous  studies  have 
examined  cable  and  coil  parameters,  systematic 
harmonics,  support  structure  and  quench  protection 
system.  In  this  paper  the  issue  of  field  quality  is  further 
discussed. 

INTRODUCTION 

NbTi  quadrupoles  for  the  Interaction  Regions  of  the 
Large  Hadron  Collider  (LHC)  are  being  fabricated  at 
KEK  (MQXA)  [1]  and  at  FNAL  (MQXB)  [2].  An 
aperture  of  70  mm  with  an  operating  gradient  of  205  T/m 
allow  for  a  luminosity  of  10^  cm‘V^  During  the  past 
year,  conceptual  design  studies  were  carried  out  by  LBNL 
[3],  FNAL  [4]  and  BNL  [5]  to  analyze  a  second 
generation  NbsSn  LHC  IR  quadrupole  magnet  capable  of 
increasing  the  luminosity  of  the  machine  up  to  an  ultimate 
goal  of  2.3x10^  cm'^s'^  [6].  In  this  paper,  further  design 
studies  are  reported  focusing  in  particular  on  field  quality 
issues.  Iron  saturation,  random  errors  and  impact  of  yoke 
misalignments  on  field  harmonics  are  considered. 
Different  strategies  of  correcting  both  allowed  and  non- 
allowed  multipoles  are  discussed,  and  future  plans  of  the 
magnet  R&D  are  outlined. 

MAGNET  DESIGN 

The  magnet  cross-section  is  shown  in  Fig.  1.  NbsSn 
superconducting  cables  are  wound  around  bronze  poles 
and  supported  during  assembly  by  four  bolted  stainless 
steel  pads  (30  mm  thick).  A  5  mm  gap  separates  the  pads 
from  a  four-piece  iron  yoke,  contained  within  an 
aluminum  shell  18  mm  thick.  The  outer  diameter  of  the 
shell  is  limited  to  500  mm,  the  same  as  in  MQXA,  and 
therefore  compatible  with  the  existing  cryostat. 

From  a  structural  viewpoint,  the  main  characteristic  is 
the  absence  of  supporting  collars.  The  assembly  is  done 
by  means  of  the  key  and  bladder  technology  [7], 
implemented  here  for  the  first  time  in  a  cos(2fi)  magnet. 

*  This  work  was  supported  under  contract  DE-AD03-76SF00098  by 
the  Director,  Office  of  Energy  Research,  Office  of  High  Energy 
Physics,  U.S.  Department  of  Energy. 
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Figure  1 :  Cross-section  of  the  quadrupole  magnet. 


The  bladders  are  inserted  and  inflated  in  the  gap 
between  pads  and  yokes,  providing  an  initial  pre-stress  to 
the  coil.  Interference  keys  are  then  used  to  lock  in  the  pre¬ 
stress  and  allow  bladder  removal.  During  assembly,  this 
technology  provides  about  half  of  the  required  coil  pre¬ 
stress,  with  little  spring  back.  During  cool-down,  the 
different  thermal  contraction  between  aluminum  and  iron 
increases  the  coil  pre-stress.  Preliminary  computations 
with  an  aluminum  pad  have  shown  that  it  could  replace 
the  stainless  steel  pad  still  maintaining  sufficient  pre¬ 
compression.  A  detailed  study  of  the  stresses  inside  the 
magnet  during  assembly,  cool-down  and  excitation  was 
presented  in  Ref.  [3]. 

With  respect  to  the  previous  analysis,  some  design 
modifications  were  implemented.  The  pad  material  was 
changed  from  iron  to  stainless  steel.  The  inner  radius  of 
the  yoke  was  reduced  by  10  mm  and  the  GIO  spacer  was 
removed.  The  yoke  includes  four  70  mm  diameter  holes 
for  longitudinal  heat  transfer  within  the  cold  mass.  We 
point  out  that  the  gaps  between  the  pads  and  the  yokes, 
and  between  the  four  pads  provide  additional  space  for 
cooling.  A  reference  coil  aperture  of  90  mm  was  chosen 
for  the  analysis.  However,  changes  in  the  coil  aperture  can 
be  easily  accommodated  in  this  design  concept. 

Superconducting  coil 

The  baseline  design  of  the  quadrupole  features  a  four- 
layer  cos(2fi)  coil  (Fig.  2,  left).  For  consistency  with 
previous  analyses,  we  have  assumed  a  critical  current 
density  of  2.4  kA/mm^  at  12  T  and  4.2  K,  a  conservative 
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value  compared  to  the  current  carrying  capacity  of  recent 
NbsSn  strands.  The  short  sample  gradient  at  1.9  K  is  267 
T/m  (30  %  design  margin).  At  an  operational  temperature 
of  4.2  K,  the  short  sample  gradient  decreases  to  249  T/m 
(20  %  design  margin).  Details  on  the  magnetic 
parameters  are  given  in  Ref.  [3]. 


Figure  2:  Coil  cross-sections:  four-layer  cos(2i0)  (left), 
two-layer  cos(2'0)  (center)  and  block-type  (right). 


The  proposed  four-layer  coil  design  was  based  on 
magnetic  efficiency  and  cable  design  considerations  [3]. 
However,  alternative  designs  of  both  shell-type  and 
block-type  coils  are  being  developed.  A  two-layer  cos(2d) 
design  (Fig.  2,  center)  reduces  the  number  of  parts  and  the 
magnet  inductance,  but  requires  the  development  of  a  new 
fully-keystoned  cable  with  a  special  keystone-shaped 
core.  It  provides  a  short  sample  gradient  of  247  T/m  at  1 .9 
K,  with  a  margin  of  20  %.  Block-type  geometries  have 
advantages  in  terms  of  conductor  compatibility, 
separation  between  high  field  and  high  stress  points, 
reduction  of  peak  stress,  simplification  of  support 
structures  and  assembly  techniques  [8].  In  fact,  a  block 
coil  was  originally  proposed  for  the  LHC  inner  triplet  [9]. 
The  design  (Fig.  2,  right)  consists  of  two  layers  of  a  flat 
cable  with  35  strands.  One  potential  issue  of  this  coil  is 
the  minimum-bending  radius  of  the  cable  in  the  ends.  This 
issue  will  be  addressed  in  future  R&D  magnet  programs. 
This  design  generates  a  short  sample  gradient  of  230  T/m 
at  1.9  K  with  a  margin  of  12  %.  A  less  conservative 
critical  current  density  in  the  superconductor,  an  increase 
of  the  conductor  area  and  the  use  of  a  four-layer  graded 
coil  can  push  the  margin  above  20  %. 


Random  harmonics 

To  estimate  the  multipole  errors  produced  by 
fabrication  tolerances,  random  displacements  of  the 
conductor  blocks  with  respect  to  the  design  geometry 
were  applied  in  the  range  of  ±  50  pm.  The  calculated 
errors  for  the  four-layer  design  and  for  the  MQXB  design 
were  compared  (Fig.  3),  considering  for  both  cases  a 
reference  radius  of  half  the  magnet  aperture  (22  and  17 
mm  respectively).  The  anq)litude  of  the  displacements  is 
about  2.5  times  greater  than  the  one  observed  in  the  short 
models  of  the  first  generation  MQXB  quadrupoles  [13]. 
This  conservative  assumption  takes  into  account  the 
difficulties  of  controlling  NbaSn  coil  dimensions  during 
the  high-temperature  reaction  phase. 
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Figure  3:  Numerical  estimates  of  the  geometric  random 
multipoles  (10"^  units)  due  to  a  random  block 

displacement  of  50  pm  for  the  four-layer  design  (at  Rref  = 
22  mm)  and  the  MQXB  (at  Rjgf  =17  mm). 
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As  pointed  out  in  Ref.  [14],  the  numerical  estimates 
present  a  very  regular  pattern  and  can  be  well  fitted  by 
second  order  polynomials  on  a  semi-logarithmic  scale. 
The  small  discrepancy  observed  for  the  low-order 
harmonics  can  be  explained  by  the  different  block  sizes  in 
the  two  designs. 


FIELD  QUALITY  ANALYSIS 

The  three  coil  geometries,  optimized  with  ROXIE  [10], 
limit  the  geometric  harmonics  to  0.05  units  at  a  reference 
radius  of  22  mm.  For  an  effective  filament  diameter  of 
100  pm,  the  magnetization  effect  on  bg  during  the  start-up 
of  the  second  excitation  cycle  is  about  +  30  units  at  400  A 
(about  1/15  of  lop),  decreasing  to  a  minimum  of  -  12  units 
at  1400  A.  A  reduction  of  the  filament  diameter  by  at  least 
a  factor  of  two  is  being  pursued  by  the  DOE  Conductor 
Development  Program.  A  correction  scheme  such  as  the 
one  based  on  a  ferromagnetic  ring  [11]  can  also  be  used  to 
reduce  magnetization  above  1200  A.  It  should  be  noted 
that  the  field  quality  of  the  IR  quadrupoles  at  injection  is 
not  critical  for  the  machine.  In  the  present  yoke  and  pad 
design  the  effect  of  iron  saturation  on  be  (evaluated  with 
OPERA-2d  [12])  was  reduced  to  less  than  0.1  units  from 
injection  to  short  sample. 


Yoke  misalignments 

During  assembly,  the  inflation  of  the  bladders  creates 
an  interference  gap  between  the  pad  and  the  yoke  of  about 
0.5  mm.  This  interference  is  defined  by  the  key  thickness 
and  is  maintained  during  cool-down  and  through 
excitation,  providing  the  required  coil  pre-stress.  A 
sensitivity  analysis  of  the  effect  of  radial  and  azimuthal 
displacements  of  the  yoke  on  field  harmonics  with  respect 
to  the  nominal  position  was  performed  for  the  four-layer 
design.  A  positive  radial  displacement  of  one  yoke 
quadrant  by  0.1  mm  produces  a  ba  of  -  0.08  units  and  a  b4 
of  -  0.02  units.  On  the  other  hand,  the  effect  of  a  similar 
azimuthal  displacement  will  produce  only  negligible 
harmonics.  The  intact  of  yoke  misalignments  on  field 
quality  seems  therefore  significantly  lower  than  the  effect 
of  fabrication  tolerances  (Fig.  3). 
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FIELD  QUALITY  CORRECTION 

In  order  to  achieve  the  level  of  field  quality  required  in 
the  IR  quadrupole,  methods  for  correction  of  field  errors 
will  be  tested  in  prototypes.  Systematic  deviations  of  the 
allowed  harmonics  will  be  corrected  by  simple 
modifications  to  the  coil  cross-section.  Correction  of  the 
low-order  non-allowed  harmonics  can  be  obtained  with 
magnetic  shims,  as  successfully  demonstrated  in  previous 
IR  quadrupole  R&D  programs  [15-16]. 

Allowed  harmonics 

Systematic  variations  of  b6  can  be  corrected  by 
changing  the  coil  shim  patterns  at  the  pole  and  mid-plane, 
with  little  or  no  impact  on  coil  pre-stress  [13].  In  Tab.  1 
the  variations  of  he  corresponding  to  a  variation  of  the 
mid-plane  insulation  for  the  four-layer  design  are 
reported.  The  corresponding  change  in  bjo  is  very  small. 

Table  1:  Variation  of  allowed  harmonics  at  nominal 
current  (10"^  units  at  Rref  =  22  mm)  due  to  an  increase  of 
100  pm  of  the  mid-plane  insulation  thickness. 


Mid-plane  shim 

Inner  layer 

Outer  layer 

[m\ 

Abfi 

Abio 

Abfi 

Abio 

+  m 

-1.44 

-0.01 

-0.34 

0.00 

For  correction  of  systematic  deviation  of  bio  the 
design  values,  the  proposed  coil  design  features  a  copper 
wedge  at  the  optimal  position  in  the  innermost  layer.  A 
change  in  the  wedge  azimuthal  dimension  of  +100  pm 
results  in  a  change  in  bio  of  +  0.05  units.  The 
corresponding  change  of  bg  is  well  within  the  range  that 
can  be  corrected  by  pole/mid-plane  shims. 

Low-order  non-allowed  harmonics 

The  quadrupole  design  incorporates  magnetic  shims  for 
correction  of  low-order  non-allowed  harmonics  generated 
by  conductor  positioning  errors.  The  magnetic  shim 
location  is  indicated  in  Fig.  1.  In  Tab.  2  the  changes  of  the 
low-order  non-allowed  harmonics  produced  by  a  single 
shim  are  given. 

Table  2:  Variation  of  sextupole  and  decapole  at  nominal 
current  (lO'"^  units  at  R^f  =  22  mm)  vs  magnetic  shim 
thickness. 


mm 

Ab5 

Aa3 

Ab4 

Aa^ 

-5 

-0.49 

0.22 

-0.07 

0.11 

+  5 

0.96 

-0.45 

0.12 

-0.22 

Relative  to  the  expected  RMS  spread  a  (Fig.  2), 
independent  corrections  of  bs/as  in  the  range  ±  4  o  and  of 
hj2L^  in  the  range  ±  2  a  are  possible  with  8  tuning  shims  at 
operational  conditions  [16].  Due  to  saturation  effect,  the 
field  errors  at  injection  cannot  be  reduced  with  this 
method.  However,  the  field  quality  of  the  IR  quadrupoles 
at  injection  is  not  critical  for  the  machine. 


FUTURE  PLANS 

In  order  to  test  the  assembly  procedure  and  to  check  the 
stress  distribution  at  full  pre-compression  after  cool¬ 
down,  a  mechanical  model  of  the  quadrupole  loading 
structure  will  be  fabricated  (Fig.  4).  The  model  will 
incorporate  the  components  of  the  proposed  quadrupole 
design;  an  aluminum  tube  will  replace  the  coil.  This  inner 
tube  and  the  outer  shell  will  be  instrumented  with  strain 
gauges.  The  recorded  data  will  be  compared  to  the 
computed  stresses. 


Figure  4:  Mechanical  model  of  the  quadrupole. 

CONCLUSIONS 

An  analysis  of  the  field  quality  in  the  next  generation 
LHC  IR  quadrupole  has  been  performed.  The  study 
focused  on  field  errors  that  may  arise  from  fabrication 
tolerances  of  the  components  and  from  misalignments  of 
the  yoke.  Changes  in  coil  cross-section  and  magnetic 
shims  were  proposed  as  a  correction  strategy  for  the 
allowed  and  low-order  non-allowed  harmonics. 
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Abstract 

This  report  describes  the  channel  of  superconducting 
solenoids  for  the  proposed  international  Muon  Ionization 
Cooling  Experiment  (MICE).  MICE  consists  of  two 
cells  of  a  SFOFO  cooling  channel  that  is  similar  to  that 
studied  in  the  level  2  study  of  a  neutrino  factory[l]. 
MICE  also  consists  of  two  detector  solenoids  at  either  end 
of  the  cooling  channel  section.  The  superconducting 
solenoids  for  MICE  perform  three  functions.  The 
coupling  solenoids,  which  are  large  solenoids  around 
201.25  MHz  RF  cavities,  couple  the  muon  beam  between 
the  focusing  sections  as  it  passes  along  the  cooling 
channel.  The  focusing  solenoids  are  around  the  liquid 
hydrogen  absorber  that  reduces  the  momentum  of  the 
muons  in  all  directions.  These  solenoids  generate  a 
gradient  field  along  the  axis  as  they  reduce  the  beta  of  the 
muon  beam  before  it  enters  the  absorber.  Each  detector 
solenoid  system  consists  of  five  coils  that  match  the 
muon  beam  coming  to  or  from  an  absorber  to  a  4.0  T 
uniform  solenoidal  field  section  that  that  contains  the 
particle  detectors  at  the  ends  of  the  experiment.  There  are 
detector  solenoids  at  the  beginning  and  at  the  end  of  the 


experiment.  This  report  describes  the  parameters  of  the 
eighteen  superconducting  coils  that  make  up  the  MICE 
magnetic  channel. 

THE  MICE  CHANNEL 

MICE  is  a  channel  of  superconducting  solenoids.  The 
magnets  in  MICE  are  around  the  RF  cavities,  absorbers 
Oiquid  or  solid)  and  the  primary  particle  detectors  [1],  [2]. 
The  MICE  superconducting  solenoid  system  consists  of 
eighteen  coils  that  are  grouped  in  three  types  of  magnet 
assemblies.  The  two  cell  cooling  channel  is  5.50-m  long. 
Each  cell  consists  of  a  focusing  coil  pair  around  an 
absorber  and  a  coupling  coil  around  the  RF  cavity  that  re- 
accelerates  the  muons  to  their  original  momentum.  At 
the  ends  of  the  experiment  are  uniform  field  solenoids  for 
the  particle  detectors  and  a  set  of  matching  coils  used  to 
match  the  muon  beam  to  the  cooling  cells.  Three 
absorbers  are  used  instead  of  two  in  order  to  shield  the 
detectors  from  dark  currents  generated  by  the  RF  cavities 
at  high  operating  acceleration  gradients.  A  layout  of  the 
full  version  of  MICE  is  shown  in  Figure  1  below. 
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Figure  2.  A  Quarter  Section  of  a  MICE  Cooling  Cell  Showing  the  Coupling  Coil  and  Focusing  Coil  Pair 


Figure  2  shows  a  quarter  section  of  a  MICE  cooling 
cell.  The  inner  diameter  of  the  coupling  coil  cryostat  is 
large  enough  to  permit  it  to  be  installed  around  a  four  cell 
201.25  MHz  copper  RF  cavity.  The  coupling  coil 
controls  the  beam  beta  within  the  RF  cavity  and  matches 
the  muon  beam  jfrom  focusing  coil  to  focusing  coil. 
When  the  beam  beta  is  low  in  the  center  of  the  focusing 
coil  pair,  the  current  in  the  coupling  coil  is  low  (the  beam 
beta  in  the  RF  cavity  is  large).  By  varying  the  current  in 
the  focusing  coil  pair  and  the  coupling  coil  one  can  vary 
the  beam  beta  in  the  absorber. 

The  focusing  coils  (on  the  right  side  of  Fig  2.)  produce 
a  cusp  shaped  field,  with  zero  field  at  the  center.  The 
design  momentum  of  the  MICE  channel  is  200  MeV/c. 
The  MICE  channel  average  muon  momentum  is  limited 
by  the  peak  field  in  the  focusing  coils.  The  focusing  coil 
design  permits  the  channel  to  operate  with  an  average 
momentum  of  240  MeV/c  without  quenching  the  magnet. 
The  cusp  shaped  field  in  the  focusing  coils  produces  large 
magnetic  forces  (up  to  240  metric  tons)  that  push  the 
coils  apart.  The  focusing  coils  will  have  separate  leads  so 
that  they  can  be  operated  either  in  the  solenoid  mode  or 
the  gradient  mode  (the  cusp  field  case).  The  three  focusing 
magnets  will  be  powered  using  a  single  power  supply. 
Both  coupling  coils  will  be  powered  using  a  second 
power  supply.  Both  supplies  produce  10  V  and  300  A. 

The  basic  parameters  for  the  focusing  coils  and  the 
coupling  coils  are  presented  in  Table  1.  The  focusing  and 
coupling  coils  are  wound  with  a  MRI  superconductor 
with  the  following  parameters;  insulated  dimensions  1.0 
by  1.65  mm,  Cu  to  S/C  ratio  =  4,  copper  RRR  =  75, 
twist  pitch  =  12.7  mm,  filament  diameter  78  ^im,  and 
Jc(5T,4.2K)  -  2940  A  mm\ 


Table  1.  Focusing  and  Coupling  Magnet  Parameters 


Parameter 

focusing 

Coupling 

Inner  Cryostat  R  (mm) 

230 

655 

Outer  Cryostat  R  (mm) 

668 

930 

Cryostat  Length  (mm) 

782 

500 

Inner  Coil  R  (mm) 

255 

690 

Coil  Thickness  (mm) 

90 

71 

Coil  Length  (mm) 

200 

360 

D  between  Coils  (mm) 

240 

-NA- 

No.  layers  per  Coil 

66 

52 

No.  turns  per  Coil  Layer 

121 

218 

Design  Current  (A)* 

240.3 

238.2 

Coil  Average  J  (A  mm'^)* 

106.7 

105.6 

Self  Inductance  (H) 

-45 

-230 

Peak  B  in  Coil  (T)* 

6.27 

5.45 

Temperature  Margin  (K)* 

'-1.1 

-1.6 

Inter-coil  Force  (MN) 

1.82 

-NA- 

•  For  channel  with  p  =  200  MeV/c  and  P  =  420  mm 


THE  DETECTOR  MAGNET 

At  each  end  of  the  experiment  is  a  superconducting 
detector  magnet  module.  The  detector  magnet  module 
consists  of  three  coils  that  produce  a  uniform  field  (to  3 
parts  in  1000)  of  4  T  over  a  length  of  1000  mm  and  a 
diameter  of  300  mm.  Also  included  in  the  detector 
magnet  module  are  two  solenoids  that  match  the  muon 
beam  to  the  adjacent  focusing  magnets.  Figure  3  shows 
a  cross-section  of  the  detector  solenoid  module.  Figure  4 
shows  the  field  profile  on  axis  as  one  goes  down  the 
MICE  channel  fi-om  one  end  to  the  other. 
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Figure  3.  The  Upper  Half  of  the  INFN  Genoa  Detector  Solenoid  Module 


Figure  4.  Magnetic  Induction  on  Axis  from  the  center  of 
MICE  to  the  End.  B(-x)  =  -B(x). 

In  addition,  upstream  from  the  first  detector  there  are 
two  low-field  muon  capture  solenoids.  These  magnets 
may  be  conventional  or  superconducting.  These  magnets 
are  not  shown  in  Fig.  1  nor  is  their  magnetic  induction 
included  in  Fig.  4. 

FORCES  BETWEEN  COILS 

The  MICE  channel  shown  in  Fig.  1  consists  of 
eighteen  superconducting  coils.  These  coils  are  coupled 
inductively  and  mechanically.  The  cold  mass  supports 
for  the  coupling  coils  must  be  designed  to  carry  a 
longitudinal  force  of  at  least  200  kN.  The  cold  mass 
supports  for  the  focusing  coils  and  the  detector  coil 
module  must  be  designed  for  a  force  of  at  least  600  kN. 


The  cold  to  warm  force  on  the  two  outer  focusing 
magnets  and  the  detector  magnet  modules  appears  to  be 
strongly  dependent  on  the  spacing  between  the  outer 
focusing  coils  and  the  first  matching  coil.  The  net  force 
on  the  focusing  magnet  module  will  pull  the  focusing 
magnet  toward  the  detector  module.  The  net  force  on  the 
detector  magnet  module  will  pull  the  detector  module 
toward  the  focusing  magnet. 

Further  work  is  needed  to  determine  the  forces  on  the 
cold-mass  support  system  of  all  of  the  magnet  modules 
during  the  various  operating  modes  of  the  experiment. 
The  magnetic  forces  that  act  on  the  cold  mass  supports 
must  be  calculated  for  the  magnet  currents  that  occur 
during  a  magnet  system  quench. 
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Abstract 

The  Heavy  Ion  Fusion  (HIF)  Program  is  developing 
superconducting  focusing  magnets  for  both  near-term 
experiments  and  future  driver  accelerators.  In  particular, 
single  bore  quadrupoles  have  been  fabricated  and  tested 
for  use  in  the  High  Current  Experiment  (HCX)  at 
Lawrence  Berkeley  National  Laboratory  (LBNL).  The 
next  steps  involve  the  development  of  magnets  for  the 
planned  Integrated  Beam  Experiment  (IBX)  and  the 
fabrication  of  the  first  prototype  multi-beam  focusing 
arrays  for  fusion  driver  accelerators.  The  status  of  the 
magnet  R&D  program  is  reported,  including  experimental 
requirements,  design  issues  and  test  results. 

INTRODUCTION 

The  HIF  program  is  progressing  through  a  series  of 
physics  and  technology  demonstrations  leading  to  an  IFE 
power  plant  [1].  A  set  of  scaled  experiments  carried  out 
during  the  past  several  years  has  confirmed  theoretical 
calculations  of  space  charge  dominated  beam  transport.  In 
order  to  determine  if  these  results  can  be  extended  to  the 
power  levels  required  by  HIF  targets,  experiments  with 
high  current  beams  are  currently  underway  in  the  areas  of 
injection,  transport  and  final  focus.  The  next  phase  will 
involve  source-to-target  experiments  to  demonstrate  that 
all  beam  manipulations  required  by  the  driver  can  be 
carried  out  in  an  integrated  manner,  thus  setting  the  basis 
for  a  demonstration  power  plant. 

Efficiency  requirements  determine  the  use  of  super¬ 
conducting  quadmpoles  for  beam  transport  in  most  of  the 
driver  accelerator  [2].  Superconducting  magnets  are  also 
preferred  for  near  term  experiments,  to  gain  operational 
experience  and  to  better  simulate  the  beam  environment 
in  a  fusion  driver.  Magnet  development  for  HIF  is  carried 
out  by  a  collaboration  of  Lawrence  Berkeley  National 
Laboratory  (LBNL),  Lawrence  Livermore  National 
Laboratory  (LLNL),  MIT  Plasma  Science  and  Fusion 
Center,  and  Advanced  Magnet  Lab  (AML).  In  this  paper, 
the  experimental  requirements  are  discussed,  and  the 
magnet  R&D  status  and  plans  are  presented. 
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Fig.  1:  Left:  HCX  optimized  quadrupole  coil  fabrication. 
Right:  Completed  magnet  undergoing  test  preparations. 


HIGH  CURRENT  EXPERIMENT 

HCX  is  designed  to  explore  the  physics  of  intense 
beams  with  driver-scale  line-charge  density  (0.2  piC/m) 
and  pulse  duration  (t>4|is)  [3].  Magnetic  transport 
experiments  in  HCX  will  primarily  investigate  the  effects 
due  to  electrons  trapped  in  the  potential  well  of  the  ion 
beam.  A  quadrupole  gradient  of  84.2  T/m  over  a  magnetic 
length  of  10.1  cm  and  a  coil  aperture  of  70  mm  are 
required  [4].  Following  analysis  and  comparison  of 
several  design  concepts,  prototype  quadrupoles  of  two 
different  types  were  fabricated  and  tested  [5].  A  2-layer 
racetrack  design,  developed  by  LLNL  [6],  was  finally 
selected  and  further  improved  [7].  A  prototype  of  the 
optimized  design  has  been  fabricated  by  AML  and  is 
ready  for  testing  at  LBNL  (Fig  1).  The  coil  ends  were 
modified  from  continuous  arcs  to  tight  bends  followed  by 
straight  segments.  This  layout  improves  the  magnetic 
length  relative  to  the  physical  coil  length,  and  gives  better 
field  quality.  However,  some  difficulties  were 
encountered  in  winding  the  cable  around  the  6  mm  radius. 
To  address  this  problem,  cable  optimization  studies  were 
performed  and  a  slight  increase  of  the  minimum  bending 
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radius  is  planned  for  future  models.  A  change  of  the  coil 
holder  material  from  stainless  steel  to  aluminum  was  also 
incorporated.  The  projected  cost  of  aluminum  holders  in 
production  is  significantly  lower  than  for  stainless  steel. 
However,  experience  with  magnet  fabrication  showed  that 
some  design  improvements  are  required  to  take  into 
account  larger  deflections  of  the  aluminum  holder  after 
applying  pre-stress  to  the  coils.  Ultimately,  the  choice 
between  the  two  materials  will  depend  on  the  magnet  test 
results.  The  structural  tube  used  in  the  bore  of  previous 
prototypes  to  provide  internal  support  to  the  coils  was 
eliminated,  to  increase  the  space  available  to  the  beam  for 
a  given  coil  aperture.  The  superconducting  strand  was 
changed  from  S SC-outer  to  SSC-inner  type,  with  lower 
copper  fraction.  The  strand  was  redrawn  from  0.808  mm 
to  0.648  mm  for  compatibility  with  the  previous  cable 
dimensions.  The  calculated  short  sample  gradient  is  132 
T/m,  with  an  effective  magnetic  length  of  105.4  mm  for  a 
coil  physical  length  of  125  mm. 


Fig  2:  HCX  focusing  doublet  design  and  fabrication. 


A  compact  focusing  doublet  prototype,  designed  by 
LLNL,  was  fabricated  by  MIT  and  CVIP  Inc.  using  two 
of  the  first-generation  quadrupoles  (Fig.  2).  The  cryostat 
design  is  compatible  with  the  HCX  lattice  period  of  45 
cm,  and  provides  a  warm  axial  gap  between  cryostat 
tanks,  as  required  for  induction  acceleration,  diagnostics 
and  punq)ing  ports.  The  coil  leads  and  cryogen  supplies 
are  provided  through  a  central  chimney,  to  maximize  the 
space  for  induction  acceleration  cores  surrounding  the 
beam  transport  line.  In  order  to  minimize  the  radial  space 
between  the  beam  pipe  and  the  LHe  vessel  in  the  magnet 
bore,  special  low-emissivity  aluminized  stainless  steel 
foils  are  used  for  radiation  shields  [8].  However,  high 
vacuum  and  low  surface  contamination  are  required  for 
the  foil  to  work  properly.  This  excludes  the  combined  use 
of  MLI  superinsulation  in  the  same  vacuum  space,  due  to 
outgassing.  Application  of  the  foil  in  all  areas  of  the 
cryostat,  and  in  particular  close  to  welds,  proved  labor 
intensive.  The  use  of  separate  vacuum  chambers  has  been 
proposed  to  address  this  problem.  The  first  cryostated  unit 
will  be  cold  tested  at  MIT  to  check  quench  performance 
and  measure  the  heat  loads  in  different  configurations 
before  installation  in  HCX.  Based  on  this  experience,  a 
second  focusing  doublet  will  be  designed  and  fabricated 
using  optimized  HCX  magnets. 


INTEGRATED  BEAM  EXPERIMENT 

The  purpose  of  the  IBX  is  to  integrate  in  a  single 
experiment  all  beam  manipulations  required  in  a  driver, 
including  injection,  acceleration,  compression,  bending 
and  final  focus,  at  significant  line-charge  density  [9].  The 
beam  will  be  accelerated  to  an  energy  of  about  10  MeV  in 
a  magnetic  transport  section  consisting  of  50  lattice 
periods  (100  quadrupoles).  The  machine  design  is  in 
progress,  and  the  magnet  parameters  have  not  yet  been 
finalized.  In  particular,  the  option  of  using  resistive 
(pulsed)  quadrupoles  or  steady  state  superconducting 
quadrupoles  is  still  being  evaluated.  The  magnet 
parameter  range  being  considered  is:  clear  bore  40-80 
mm,  operating  gradient  40-120  T/m,  magnetic  length  8-14 
cm.  For  a  given  integrated  strength,  high  gradients  over  a 
short  magnet  length  are  preferred,  to  increase  the  space 
for  accelerating  gaps,  cryostat  terminations  and  beam 
diagnostics.  The  design  must  accommodate  dipole 
steering  coils  and  may  include  a  cold  beam  pipe  (at  4.5  K) 
with  a  77  K  baffle-like  beam  screen  [10]. 

The  HCX  racetrack  quadrupole  is  well  matched  to  IBX 
requirements  with  simple  modifications.  For  a  clear  bore 
of  80  mm  and  a  gradient  of  60-70  T/m,  a  design  based  on 
a  single  coil  layer  has  been  proposed,  allowing  significant 
cost  savings  (Fig.  3),  The  coil  parameters  are  very  similar 
to  the  HCX  outer  coils.  The  short  sample  gradient  is  in  the 
range  of  70-80  T/m,  depending  on  the  conductor 
properties  (critical  current  density,  packing  and  copper 
fraction).  With  respect  to  the  dimensions  quoted  in  Fig.  3, 
the  gradient  could  be  increased  by  reducing  the  radial 
space  allocations.  The  thickness  of  the  cold  bore  tube 
could  be  decreased,  pending  demonstration  of  the  coil 
performance  in  the  absence  of  internal  mechanical  support 
(HCX  prototype  test).  Some  aperture  gains  can  also  be 
obtained  with  more  efficient  designs  of  the  beam  screen 
and  the  dipole  steering  coils. 


Fig.  3:  Racetrack  design  for  IBX  (dimensions  in  mm). 

An  alternative  two-layer  coil  of  the  HCX  type  would 
satisfy  IBX  magnet  designs  aiming  at  small  aperture  and 
very  high  gradient.  Assuming  some  optimization  of  the 
radial  space  allocation  in  the  magnet  bore,  the  coil 
aperture  corresponding  to  a  40  mm  clear  bore  is  60  mm,  a 
small  extrapolation  with  respect  to  the  HCX.  For  a  60  mm 
coil  aperture,  a  short  sample  gradient  of  160-170  T/m  can 
be  achieved. 
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While  the  HCX  racetrack  design  appears  well  suited  to 
IBX,  other  approaches  may  be  considered.  Possible 
alternatives  include  a  simple  shell  (cos20)  design  of  the 
RHIC  type  [11].  A  significant  difference  in  magnetic 
efficiency  between  shell  and  racetrack  coils  is  not 
expected  for  very  short  magnets,  but  shell-type  coils  are 
radially  more  compact  in  a  single-bore  configuration.  A 
compact  magnet  results  in  a  more  effective  acceleration 
system.  The  RHIC  arc  quadrupole  is  close  to  the  IBX 
aperture  and  gradient  specifications,  and  is  already 
optimized  for  low  cost  and  robust  performance.  However, 
contrary  to  IBX,  no  strong  constraint  on  the  coil  end 
design  was  present  in  RHIC  (I.l  m  magnetic  length).  In 
order  to  obtain  very  compact  ends  and  meet  gradient 
specifications,  the  magnet  would  have  to  be  redesigned 
using  a  two-layer  coil  with  a  narrow  cable.  The 
development  of  a  new  shell  design  requires  expensive 
tooling  and  experimental  verification  of  the  magnet 
performance  by  fabrication  and  test  of  several  prototypes. 

MULTIPLE  BEAM  EXPERIMENTS 

Following  IBX,  experiments  with  multiple  beams  will 
be  performed,  to  study  magnetic  coupling  effects  at  high 
energy  and  provide  the  basis  for  a  high  average  fusion 
power  Engineering  Test  Facility  (ETF).  Superconducting 
quadrupole  arrays  must  be  developed  for  this  application. 
The  design  challenges  include  minimization  of  the 
transverse  size  (to  limit  the  size  and  cost  of  the  induction 
accelerator  cores),  implementation  of  special  edge  coils  to 
adjust  the  field  in  outer  cells  and  terminate  the  magnetic 
flux,  and  maximization  of  the  quadrupole  gradient  [12]. 

Since  a  very  large  number  of  cells  is  required  in  the 
fusion  driver,  economy  of  fabrication  is  also  a  primary 
consideration.  Racetrack  coils  are  simple  to  fabricate  and 
well  suited  to  the  square  cell  layout  of  the  array.  They  can 
be  arranged  back-to-back  improving  flux  sharing,  and 
they  require  less  structural  support  since  the  outwards 
components  of  the  magnetic  force  are  balanced  between 
cells.  Neighboring  coils  can  in  fact  be  combined  with 
reduction  of  the  number  of  parts,  conductor  joints,  and 
inductance.  However,  further  R&D  is  required  to  simplify 
the  fabrication  methods  with  respect  to  those  presently 
used  for  HCX.  Cost  reductions  may  result  from  the  use  of 
kapton  insulation  without  epoxy  impregnation,  and  by 
applying  the  bladders  and  keys  technology  [13]  to 
prestress  to  the  entire  array  in  a  single  step. 

Other  innovative  approaches  to  magnet  design  are  being 
considered.  Coil  designs  using  round  cables  individually 
supported  by  grooved  cylinders  or  plates  have  been 
actively  explored  by  AML  [14].  Although  the  first 
prototypes  did  not  perform  as  well  as  the  racetrack  coils, 
with  further  R&D  these  issues  may  be  resolved,  and 
ultimately  result  in  very  cost-effective  magnets.  A  new 
concept,  again  based  on  a  round  cable  and  grooved 
supports,  but  with  a  helical  winding  geometry,  is  also 
being  developed  [15]. 

Special  edge  coils  are  required  to  adjust  the  field  in  the 
boundary  cells  and  terminate  of  the  magnetic  flux  within 


the  shortest  radial  distance  from  the  array,  avoiding 
magnetic  coupling  between  the  quadrupole  array  and  the 
surrounding  induction  cores.  While  several  2D  studies 
have  been  performed  in  the  past,  recent  analysis  has 
shown  that  finding  acceptable  solutions  is  significantly 
more  difficult  if  end  effects  are  considered.  Preliminary 
results  show  that  the  use  of  an  iron  yoke  may  be 
beneficial  in  addressing  these  issues  [16]. 

SUMMARY 

Accelerators  for  fusion  energy  production  will  require 
arrays  of  superconducting  quadmpoles  to  transport 
multiple  beams  in  the  accelerator  and  focus  them  on  the 
target.  The  development  of  superconducting  magnets  for 
both  near  term  experiments  and  the  ultimate  driver 
application  is  being  actively  pursued  by  the  U.S.  Heavy 
Ion  Fusion  Program.  The  main  parameters  and 
requirements  have  been  discussed,  and  the  R&D  status 
and  plans  have  been  presented. 
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THE  STRONGEST  PERMANENT  DIPOLE  MAGNET 

M.  Kumada,  NIRS/JST/Lviv  Polytechnic,  Chiba,  Japan 
Y.  Iwashita,  Kyoto  University,  Kyoto,  Japan 
M.  Aoki,  E.  Sugiyama,  Sumitomo  Special  Metals,  Osaka,  Japan 


Abstract 

The  authors  have  been  developing  very  strong 
permanent  magnets.  In  the  past,  our  magnets  could 
generate  a  4.45  Tesla  dipole  field.  We  are  now  in  a 
process  of  reaching  much  higher  fields  by  a  special 
magnetic  circuit.  We  will  present  our  latest  results  of  the 
strongest  permanent  dipole  magnet  ever  built. 

INTRODUCTION 

An  everlasting  desire  of  magnet  builder  is  to  pursue  to 
produce  a  magnetic  field  strength  as  high  as  possible.  The 
strongest  manmade  magnetic  field  must  be  tihe  one  made 
by  Terawatt  level  of  Laser.  It  is  an  equivalent  magnetic 
field.  Duration  of  the  field  is  short  as  the  laser  pulse.  One 
of  the  author(Kumada)  proposed  the  magnetic  field  can 
be  used  as  a  Laser  wiggler  for  a  compact  X  ray  Laser  PEL 
but  has  not  been  constructed.  A  very  strong  magnetic 
field  is  generated  by  flux  compression  mechanism  by 
theta  pinch  plasma  or  metallic  cylinder  by  implosion  but 
they  are  single  shot  and  destructive.  A  rather  practical 
strongest  field  must  be  the  one  by  hybrid  magnet  where  it 
is  made  of  a  combination  of  a  superconducting  magnet 
and  a  pulsed  magnet.  Again  the  duration  of  pulse  is  not 
very  long  as  the  pulsed  magnet  is  made  of  copper 
conductor. 

The  field  strength  of  permanent  magnet  is  rather 
modest  compared  with  those  magnets.  Residual  field 
strength  of  the  strongest  permanent  magnet  material  is  at 
a  level  of  1.3  Tesla.  And  in  most  cases,  the  magnetic  field 
strength  made  by  these  materials  is  half  of  the  residual 
field.  But  using  the  permanent  magnet  is  still  attractive  as 
it  provides  us  almost  eternal  field  without  energy 
consumption.  The  permanent  magnet  is  especially 
attractive  to  the  application  of  small  gap  size  magnet  or 
magnet  having  short  period.  Successful  applications  to  a 
wiggler  or  undulator  are  widely  accepted. 

Extensive  efforts  to  get  higher  field  with  wiggler  of 
undulator  with  permanent  magnet  have  been  made.  By 
using  permendur,  which  is  a  material  of  high  saturation 
field,  3  Tesla  field  was  achieved  at  SPRING  8  by  a  group 
of  University  of  Tokyo.  The  working  mechanism  of  the 
undulator  is  due  to  Halbach.  The  field  strength  of  this 
magnet  is  stronger  than  the  residual  field.  Halbach  had 
invented  a  novel  magnetic  circuit  of  Rare  Earth 
Cobalt(REC)  magnet  where  the  maximum  increase  can  be 
factor  of  2  for  the  case  of  his  REC  quadrupole  magnet. 

Then  a  motivation  of  designing  a  medical  accelerator  as 
compact  as  possible  one  of  the  authors  (Kumada)  then 
invented  an  extended  Halbach  dipole  magnet.  A  concept 
of  saturated  iron  and  flux  compression  is  developed. 
Dipole  magnet  is  designed  and  constructed.  A  method  of 


increasing  the  field  by  cooling  the  magnet  is  also  shown 
to  work.  World  record  of  4.45  T  in  8  mm  gap  was  reached 
in  this  way[l,2,3,4].  The  increase  of  the  field  can  also  be 
applied  to  the  permanent  multipole  magnets.  Straight 
application  is  to  a  final  focus  quadrupole  of  the  linear 
collider  [5 ,6]. 

Encouraged  by  the  result  of  the  4.45  T  dipole  the 
authors  proposed  a  project  of  permanent  magnet  based 
cyclotron  and  got  a  grant  from  Japan  Science  Technology. 
Tlie  magnet  consists  of  hill  and  valley.  The  maximum 
field  of  the  hill  is  about  2.2  T  and  the  average  field  is  1.4 
T.  A  new  concept  of  flux  compression  is  invented  in  it. 
The  details  with  full  of  new  ideas  will  be  presented  in  a 
forthcoming  18-th  Magnet  technology  conference  (MT18) 
in  Japan  this  fall. 

Cugart  and  Block  of  ESRF  of  Grenoble  broke  this 
record  shortly.  They  recorded  a  5  Tesla  inside  a  tiny  gap 
of  0.15mm[7]. 

Applying  similar  magnetic  compression  scheme  of  the 
cyclotron  magnet,  we  have  designed  and  manufactured  a 
6  T  dipole  magnet.  While  we  broke  the  new  record  again, 
we  only  reached  5. 16  T  with  a  gap  height  of  2mm  where  a 
Grenoble  group  reached  5  T  with  a  gap  height  of  0.15mm. 
In  this  paper,  we  will  present  our  data  of  5.16  T  dipole 
magnet  in  more  detail. 

SIX  TESLA  PERMANENT  MAGNET 
DIPOLE 

To  go  beyond  5  T,  we  took  a  different  approach  from  a 
previous  4.45  T  dipole  magnet.  In  the  previous  design,  we 
had  an  extended  Halbach  type  magnetic  circuit.  To 
increase  the  field  strength  than  this,  one  either  need  to 
make  the  gap  small  as  possible  or  has  to  make  outer  size 
as  large  as  possible.  ESRF  group  took  an  approach  of  a 
small  gap.  It  has  a  variable  gap  length  and  5  Tesla  was 
reached  with  a  veiy  small  gap  of  only  0.15  mm.  In 
extended  Halbach  type  magnet,  to  make  a  small  gap  is 
mechanically  difficult.  Its  assembling  accuracy  is  poor 
too.  This  time,  we  took  a  small  gap  approach  and  chose  a 
magnetic  circuit  as  shown  in  Fig.  1  and  Fig.  2.  It  is  a 
combination  of  Halbach  type  and  our  flux  compression 
type  magnet.  Although  its  effect  is  not  much,  we  used  a 
permendur  as  a  central  pole  this  time.  Permanent  magnets 
surround  the  pole.  Direction  of  permanent  magnet  blocks 
are  directing  to  the  centre  in  order  to  compress  flux[8].  In 
Table  1,  parameters  of  this  magnet  are  shown. 

Three  kinds  of  material  are  used.  The  photos  of  the 
magnet  are  shown  in  Fig.  3.  The  small  radius  permendur 
rod  is  inserted  vertically.  As  the  plots  of  B  vector  shows 
in  Fig.  4  and  Fig.  5,  field  direction  changes  in  a  middle  of 
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Although  we  have  reached  the  world  strongest  field 
strength  of  5.16  Tesla  in  the  aperture  of  2  mm  by  a 
permanent  magnet,  the  design  field  of  6  Tesla  could  not 
be  reached.  The  reason  is  under  investigation.  The  higher 
field  could  be  reached  by  reducing  the  gap  when  thinner 
magnetic  sensor  is  available.  Fig.  7  shows  the 
comparison  of  the  calculation  and  the  measurement.  The 
discrepancy  between  them  become  larger  as  the  field 
increases.  To  see  the  reason  of  discrepancy  between  the 
calculation  and  the  measurement,  Fig.  8  was  plotted  at  a 
relatively  low  field  level  of  3.7  Tesla.  The  field 
distribution  of  the  measurement  shows  a  broader 
distribution  than  that  of  the  calculation.  This  indicates  an 
important  feature  is  missing  in  the  calculation  model. 
Understanding  the  mechanism  of  the  discrepancy  may 
lead  us  to  go  one  step  beyond. 


comparison  of  calculation  and  measurment 


Fig.  8  Comparison  of  a  field  distribution  between  that 
of  calculation  and  measurement. 


B(z)  (T) 


Fig.  6  Field  distribution  inside  the  permendur  pole  on  a 
vertical  direction 


1 


h“  B(T)(  measured)] 


6Tmagnet 


Fig.  7  Comparison  of  field  strength  between  those  of 
computation  and  measurement. 


CONCLUSION 

We  have  achieved  the  world  strongest  magnetic  field  of 
5.16  Tesla  in  a  2  mm  gap  in  a  permanent  dipole  magnet  at 
a  room  temperature.  The  designed  field  value  of  6.29 
Tesla  could  not  be  reached.  There  is  still  an  indication 
that  an  important  feature  is  missing  in  a  design  of  the 
magnet. 
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SUPERCONDUCTING  DOUBLE-HELIX  ACCELERATOR  MAGNETS* 

R.  B.  Meinke*,  M.  J.  Ball,  C.  L.  Goodzeit,  Advanced  Magnet  Laboratory,  Palm  Bay,  FL,  USA 


Abstract 

We  describe  an  important  contribution  to  accelerator 
magnet  technology  based  on  the  concept  of  modulating 
the  helical  turns  of  solenoid  coils  to  produce  pure 
multipole  fields  of  any  order.  Calculations  show  that  these 
configurations  inherently  produce  virtually  error  free 
fields  of  the  desired  multipole  order  in  a  large  fraction  of 
the  aperture  in  the  two  dimensional  cross  section  without 
the  presence  of  iron.  The  characteristics  of  one  such 
configuration,  the  double-helix  dipole  (DHD),  are 
described.  It  is  also  explained  how  the  novel  geometry  of 
the  double-helix  coils  simplifies  the  manufacturing, 
eliminates  complex  coil  parts,  and  thus  significantly 
reduces  the  cost  of  the  magnets  in  comparison  to  the 
conventional  cosine  theta  (racetrack  .design)  coils.  This 
has  been  demonstrated  by  the  design  and  construction  of  a 
prototype  dipole  that  produces  a  4T  field  in  an  80  mm 
aperture  (without  iron). 

FOREWORD 

The  double  helix  coil  configuration  represents  a 
significant  advance  in  accelerator  magnet  technology  over 
the  conventional  cosine  theta  type  (racetrack  design) 
coils.  The  performance  of  virtually  any  type  of  accelerator 
magnet  is  improved  while  the  cost  of  manufacture  is 
substantially  reduced  with  this  magnet  configuration. 

The  double-helix  dipole  and  higher  multipole  magnets 
have  been  previously  described  [1,2,3].  They  achieve 
pure  multipole  fields  by  the  sinusoidal  modulation  of  the 
axial  position  of  the  turns  of  a  solenoid  wound  coil.  For 
example,  in  the  case  of  the  dipole,  the  axial  position  of  the 
conductor  path  is  described  as  shown  in  Figure  1  and 
Figure  2  shows  a  2-layer  double  helix  dipole  magnet 
(DHD). 

Each  turn  of  the  coil  can  be  well  approximated  as  an 
ellipse  tilted  at  an  angle  a  with  respect  to  the  axis  of  the 
coil.  This  produces  a  transverse  field  component 
superimposed  on  a  solenoid  field  component.  When  pairs 
of  such  windings  with  opposite  tilt  angles  are  assembled 
concentrically,  the  solenoid  field  components  cancel  and 
the  dipole  components  add  to  produce  a  pure  dipole  field. 

Higher  order  multipole  fields  can  be  obtained  by 
modulating  the  axial  position  z  of  the  winding  according 
to  the  relation  z  -  h  +  A„  sin(n6)^  where  h  is  the  helical 
advance  and^,,  is  the  amplitude  of  the  modulation.  Using 
a  modulation  frequency  of  w  =  2,  the  result  is  a  magnet 
with  a  pure  quadrupole  field.  Similarly,  «  =  3  produces  a 
sextupole,  n  =  4  produces  an  octupole,  and  so  forth. 

Combined  function  magnets  are  also  possible  by 

♦Work  partially  supported  by  U.S.  Department  of  Energy  under  SBIR 
grant  DE-FG02-02ER83360. 

#  Email  for  R.B.Meinke  is  rmeinke@magnetlab.com  or  C.L.  Goodzeit 
is  mjbcarl@attbi.com 


modulating  the  conductor  path  at  2  frequencies.  For 
example,  z  =  h  Aq  (sinO  +  OMl  sinSO)  will  produce  a 
dipole  with  a  small  amount  of  sextupole. 


Figure  1:  For  the  case  of  the  dipole,  the  z  coordinate 
of  the  conductor  path  is  given  by  ^  =  A  +  ^4^  sinO  with 
Ao  =  a  /  tanoL,  where  a  is  the  radius  of  the  coil 
aperture,  a  is  the  tilt  angle  of  the  winding  with  respect 
to  the  horizontal  axis,  and  h  is  the  helical  advance  per 


Figure  2:  Double  helix  dipole  (DHD)  concept  uses 
pairs  of  layers  with  opposite  tilt  and  current  direction. 
Aperture  may  be  circular  or  elliptical.  High  field 
values  can  be  obtained  by  using  multiple  pairs  of 
layers  with  the  transition  between  layers  as  shown. 

The  high  magnetic  fields  required  for  future 
accelerators  can  only  be  achieved  with  NbsSn,  or  other 
A15  or  HTS  type  superconductors,  which  are  brittle  and 
sensitive  to  mechanical  strain.  TTie  traditional  cosine- 
theta  racetrack  dipole  and  quadrupole  configurations 
make  it  difficult  and  expensive  to  employ  such 
conductors.  The  double  helix  design,  however,  facilitates 
the  use  of  pre-reacted,  brittle  conductors  for  such 
applications. 

In  this  paper  we  describe  some  of  the  characteristics  of 
double-helix  magnets  for  accelerator  applications  and 
show  how  a  double-helix  dipole  model  magnet  (DHD002) 
was  designed  and  constructed. 
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CHARACTERISTICS  OF  DOUBLE-HELIX 
DIPOLE  MAGNETS 

Field  Strength  and  Multipole  Content 

The  dipole  field  (without  iron  or  end  effects) 
contributed  by  current  I  in  each  layer  of  a  DHD  is  given 
by  By  =  I  (|Jo/2d)  cosa  where  d  is  the  effective  width  of 
the  conductor.  Theoretically  there  are  no  higher  order 
multipoles  created  in  the  ideal  double-helix  configuration. 
Actual  coil  geometry  with  helicity  and  finite  sized 
conductors  produces  a  very  low  level  of  harmonic  content 
in  a  large  portion  of  the  coil  aperture.  Table  1  shows  the 
multipole  fields  computed  at  the  center  of  the  model 
magnet  DHD002. 


Table  1:  DHD002  multipole  fields  in  gauss  at  9238  A, 
computed  with  AMPEBES  at  the  magnet  longitudinal 
center  and  Rref  =  25  mm  (--2/3  of  coil  aperture). 


Multipole 

order 

Skew 

Normal 

Multipole 

Units 

0 

0.0055 

-40320.0000 

10000 

1 

0.0019 

-0.4100 

0.101687 

2 

-0.0003 

-0.1940 

0.048115 

3 

-0.0006 

-0.2240 

0.055556 

4 

0.0005 

-0.2580 

0.063988 

5 

0.0007 

-0.0580 

0.014385 

6 

0.0001 

0.0960 

-0.02381 

7 

0.0002 

-0.0440 

0.010913 

8 

0.0000 

-0.1320 

0.032738 

9 

-0.0001 

0.0240 

-0.00595 

End  Fields 

Three-dimensional  magnetic  analysis  was  performed 
using  AMPERES.  The  graph  in  Figure  3  shows  the 
normal  multipoles  present  in  the  ends  (final  --200  mm)  of 
the  1500  mm  long  DHD002.  The  graph  for  skew 
multipoles  is  similar.  Although  end  field  harmonics  are 
present,  the  integral  of  those  harmonics  tends  to  vanish. 
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Figure  3:  Normal  Multipoles  in  the  End  Region 


Comparison  with  Conventional  Accelerator 
Magnet  Technology 

Although  the  conventional  Rutherford  style  cosine  theta 
racetrack  coils  can  produce  a  given  magnetic  field  with 


perhaps  the  least  mass  of  superconductor,  the  unique  coil 
geometry  of  the  double-helix  configuration  enables  a 
relatively  simple  and  inexpensive  method  of  making 
accelerator  magnets.  While  the  conventional  method  of 
coil  fabrication  uses  flat  insulated  cable,  wrapped  with 
adhesive  and  molded  under  heat  and  pressure,  in 
comparison  the  manufacture  of  DH  coils  is  remarkably 
simple.  Furthermore  the  conventional  coils  require  many 
precise  and  expensive  parts,  while  DH  coils  use  only  five 
types  of  components: 

•  Stainless  steel  support  /  bore  tube 

•  Round  multi-strand  conductor 

•  Cylindrical  composite  tubes  for  placement  of  the 
conductor  turns 

•  Cryogenic  grade  epoxy  for  impregnating  the 
assembled  coils 

•  Aluminum  alloy  cylinders  that  are  thermally  shrunk 
on  the  completed  coil  assembly  to  provide  structural 
reinforcement. 

Another  significant  difference  of  the  DHD  design  is  the 
elimination  of  the  requirement  for  applying  azimuthal 
pre-stress  to  the  coils.  Therefore,  very  high  field  magnets 
can  be  made  using  the  DHD  configuration  and  adequately 
reinforced  by  using  thermally-shrunk  aluminum  cylinders 
on  a  completed  impregnated  coil  assembly. 

Also,  the  double  helix  design  facilitates  the  use  of  pre¬ 
reacted  brittle  superconducting  materials.  The  mechanical 
strain  induced  in  the  strands  of  the  cable  can  be  kept  to 
less  than  0.4%  in  the  manufacture  of  DHD  coils.  This  is 
accomplished  by  using  small  strand  conductor  (typically 
10-12  mil  (hameter)  in  the  pre-reacted  cable  and 
controlling  the  change  in  radius  of  curvature  of  the 
conductor  from  the  reacted  state  to  the  placement  on  the 
coil  form.  This  is  enabled  by  the  relatively  large 
minimum  bend  radius  in  the  DHD  geometry  and  the 
identical  geometry  of  each  turn  in  the  coil. 

THE  DHD  MODEL  MAGNET  DHD002 

Parameters 

A  DHD  model  magnet  was  designed  and  constructed 
under  a  DOE  Phase  I  SBIR  grant.  An  objective  was  to 
demonstrate  the  simplicity  of  the  design,  ease  of 
manufacture,  and  performance  of  this  technology.  The 
completed  magnet  assembly  was  delivered  to  Brookhaven 
National  Laboratory  in  early  April  and  will  be  tested  in 
June  or  July. 

This  model  has  an  80  mm  coil  aperture  and  a  length  of 
1.5  m.  It  has  4  coil  layers,  which  were  wound  with  a 
round  cable  composed  of  19  strands  of  NbTi  material  of 
the  type  that  was  used  for  the  SSC  inner  coils.  The  bare 
cable  diameter  was  4.04  mm  and  the  effective  width 
including  insulation  between  the  turns  was  5  mm.  The 
magnet  cross  section  is  shown  in  Figure  4. 
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Figure  5:  A  few  turns  of  epoxy  impregnated  coil,  with 
a  Lexan  cover,  show  typical  turn  geometry.  Insulation 
is  provided  by  the  web  of  the  coil  support  grooves  and 
the  epoxy  impregnation. 


Figure  4:  Cross  section  of  DHD002.  Helical  turns  of 
cable  are  represented  by  a  series  of  circles;  however, 
the  circles  do  not  represent  actual  conductor  cross 
section/position. 

The  calculated  perfonnance  of  DHD002  with  a==30® 
and  operating  current  =  9238  A  is  central  field  =  4.02  T, 
peak  field  =  4.19  T.  At  an  operating  temperature  of  4.35 
K,  the  quench  current  is  1 1,3 1 1  A  giving  a  current  margin 
of  22.4%.  Current  densities  in  the  SC  and  copper  at 
operating  conditions  are  J(NbTi, operating)  =  2181  A/mm^ 
and  J(Cu, operating)  =  1678  A/mm^.  The  current  density 
in  the  copper  is  rather  high  for  this  application,  but  the 
use  of  1.3:1  SSC  inner  strand  was  dictated  by  its 
availability.  The  magnet  inductance  is  3.66  mH. 

Magnet  Fabrication  Procedure 

Composite  tubes  of  appropriate  diameter  for  each  of  the 
coil  layers  were  obtained  and  grooves  having  the  tilted 
helical  geometry  (and  also  the  lead  and  layer  transition 
path)  were  machined  in  them  using  a  computer-controlled 
milling  machine.  The  base  cylinder  was  bonded  on  the 
RHIC  bore  tube  that  was  supplied  by  BNL  and  bare 
conductor  was  placed  in  the  grooves  using  a  simple 
fixture  with  adjustable  tension. 

The  additional  composite  tubes  were  added  sequentially 
and  the  conductor  placed  in  the  pre-machined  grooves 
without  splices  between  the  layers.  The  type  of 
continuous  layer  transition  shown  in  Figure  2  was  used 
between  layers. 

The  completed  coil  assembly  was  covered  with  a  thin 
composite  tube  barrier  and  vacuum  impregnated  with 
cryogenic  grade  epoxy.  A  sample  section  of  coil  used  to 
evaluate  the  vacuum  impregnation  procedure  is  shown  in 
Figure  5. 

The  assembly  was  completed  by  sliding  pre-heated 
segments  of  aluminum  alloy  cylinders  over  the  completed 
coil  assembly  to  provide  radial  pre-compression  to  the 
coil  for  reinforcement.  Note  that  the  double  helix 
construction  technology  uses  a  modular  approach  that 
easily  enables  the  construction  of  very  long  magnets. 


SUMMARY 

The  principle  of  obtaining  pure  multipole  fields  by 
modulating  the  axial  position  of  the  turns  in  helically 
wound  (solenoid)  coils  can  be  applied  to  accelerator 
magnets  to  yield  a  simple  design  that  is  easy  to 
manufacture  and  significantly  less  costly  than 
conventional  coil  designs.  We  have  shown  how  this 
technology  can  produce  a  high  field  quality,  low  cost 
design  that  can  be  fabricated  using  standard  machine  tools 
and  simple  fixtures  rather  than  expensive  dedicated 
tooling.  The  method  of  using  bare,  round  multi-strand 
cable  placed  in  pre-machined  grooves  in  composite 
cylinders  produces  a  precisely-woimd,  splice-free  coil 
assembly.  When  impregnated  with  epoxy  and  reinforced 
with  thermally-shrunk  aluminum  cylinders,  the  result  is  a 
self-supporting  coil  assembly  that  is  adequately 
reinforced  for  very  high  Lorentz  force  without  the 
requirement  of  applying  high  azimuthal  pre-stress  to  the 
coils. 
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Abstract 

Cooling  intense  muon  beams  in  liquid  hydrogen 
absorbers  introduces  kW  of  heating  to  the  cold  fluid, 
which  will  drive  turbulent  flow[l].  The  amount  of 
turbulence  may  be  sufficient  to  help  cool  the  liquid,  but 
calculations  are  difficult.  We  have  used  a  20  MeV  electron 
beam  in  a  water  tank  to  look  at  the  scale  of  the  beam 
driven  convection  and  turbulence.  The  density  and  flow 
measurements  are  made  with  schlieren  and  Ronchi 
systems.  We  describe  the  optical  systems  and  the 
turbulence  measured.  These  data  are  being  used  to 
calibrate  hydrodynamic  calculations  of  convection  driven 
and  forced  flow  cooling  in  muon  cooling  absorbers. 

INTRODUCTION 

The  schlieren  method  was  discovered  in  1864  by 
August  Toepler[2].  This  qualitative  test  allows  one  to  see 
density  fluctuations  in  a  fluid.  The  general  setup  involves 
an  objective  lens  or  mirror,  point  light  source,  and  a  knife 
edge  at  the  focus  of  the  lens  or  mirror.  The  object  to  be 
visualized  is  placed  between  the  objective  and  knife  edge. 
The  image  can  be  directed  onto  a  screen  or  into  a  camera. 
This  is  a  highly  sensitive  test,  blowing  for  precision 
measurements.  The  image  obtained  consists  of  a  light  and 
dark  pattern  corresponding  to  the  density  fluctuations. 
The  placement  of  the  knife  edge  determines  whether  a 
higher  density  region  appears  light  or  dark  compared  to  the 
average  background.  A  vertical  knife  edge  is  used  to  view 
density  variations  in  the  horizontal  direction  and  a 
horizontal  knife  edge  shows  vertical  density  variations. 


Refaractive  Perturbation  Camera 

Figure  1.  The  Schlieren  principle 

In  schlieren  refraction,  optical  perturbations  refract  light 
in  proportion  to  the  gradients  of  refractive  index  in  a 
direction  perpendicular  to  the  optical  path.  When  the 
directly  transmitted  light  is  entirely  or  partially  blocked, 
as  in  Fig.  1,  the  optical  perturbations  can  be  seen  either 
with  the  eye  or  a  camera. 

The  Ronchi  method  is  an  extension  of  the  schlieren 
technique  that  can  make  quantitative  measurements. 
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Unlike  the  schlieren  system,  the  Ronchi  method  is 
quantitative.  Instead  of  a  knife  edge  at  the  focus,  a  glass 
slide  with  closely  spaced,  parallel  lines  (ronchi  ruling)  is 
used.  By  knowing  the  spacing  of  these  lines  on  the 
Ronchi  ruling  and  the  deflection  of  the  lines  in  the  image, 
it  is  possible  to  measure  the  magnitude  of  the  refraction, 
and  thus  the  density  gradient  in  the  sample. 

EXPERIMENTAL  PROCEDURE 

The  electron  linac  used  in  this  experiment  is  located  at 
Argonne  National  Laboratory  in  the  Chemistry  Division. 
It  delivers  a  beam  of  approximately  20  MeV.  In  our 
experiment,  we  used  50-2(X)  pulses  with  approximately  30 
nC  per  pulse.  Pulse  lengths  ranged  from  4-40  ns.  During 
this  experiment,  we  were  the  only  users  of  the  linac.  The 
beam  intensity  was  primarily  a  function  of  the  pulse 
length,  and  the  total  beam  power  depended  on  the  pulse 
repetition  rate.  Most  of  the  data  were  taken  at  30  to  60 
Hz,  which  produced  the  scale  of  turbulence  we  needed  for 
tuning  up. 

We  used  two  setups,  the  first  one  with  the  beam 
perpendicular  to  the  optical  path  and  the  second  one  with 
the  beam  close  to  colinear  with  the  optical  path.  The 
collinear  geometry  was  most  relevant  to  checking  the 


water  tank  knife  edge 


beam 


Figure  2,  Transverse  optical  path  and  beam 

computational  fluid  dynamics  models. 

In  our  first  setup,  we  used  a  spherical  mirror  with  a 
focal  length  of  one  meter,  a  knife  edge,  pinhole  light 
source,  and  a  digital  camera  to  record  the  data,  (Fig.  2). 
The  water  was  placed  in  a  rectangular  tank  with  two 
optically  flat  10  cm  x  10  cm  pieces  of  glass  for  the  front 
and  back  windows.  The  optical  depth  was  5  cm  and  the 
sides  were  0.8  mm  thick  aluminum.  The  top  was  open, 
but  covered  with  a  layer  of  GIO,  because  evaporation  at 
the  surface  produced  eddies  in  the  water  after  a  period  of  a 
few  minutes.  The  electron  beam  was  directed  into  the 
tank  through  one  of  the  aluminum  sides.  Behind  the 
water  tank  was  the  spherical  mirror.  The  placement  of  the 
knife  edge  and  light  source  varied  in  different  runs  of  this 
experiment  but  were  always  approximately  one  meter  in 
front  of  the  spherical  mirror.  The  camera  was  placed 
about  one  and  a  half  meters  away  from  the  mirror. 
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In  the  second  setup,  two  spherical  mirrors  with  focal 
length  91  cm  were  mounted  two  meters  apart,  as  shown  in 
Fig.  3.  A  5  cm  diameter,  cylindrical  tank  with  5  mm 
thick  fused  quartz  windows  was  placed  between  the 
spherical  mirrors.  A  pinhole  light  source  was  placed 
slightly  off-axis  and  pointed  toward  one  of  the  mirrors.  A 
small  flat  mirror  was  used  to  direct  light  away  from  the 
axis  of  the  spherical  mirrors  toward  the  knife  edge,  and  the 
camera  was  set  directly  behind.  When  two  paraboloids  are 
used  off  axis  in  this  way,  the  dominant  aberration,  coma, 
is  minimized. 

In  this  experiment,  we  used  the  SILICON  VIDEO® 
2112  CMOS  digital  camera  for  data  acquisition.  The 
software  used  in  conjunction  with  this  camera  is  XCAP 
(V2. 1.010611)  from  EPIX,  Inc.  The  initial  frame  for  each 
run  was  triggered  manually.  After  this,  the  software  took 
additional  frames  automatically  at  regular  time  intervals 
ranging  from  1-5  seconds  each.  These  fi^es  were 
initially  stored  as  binary  files  in  the  frame  buffer  and  later 
converted  via  XCAP  to  JPEG  file  format. 

The  primary  experimental  complication  was  due  to 
electrical  pickup  in  the  camera  from  the  charge  in  the 
beam.  When  the  apparatus  was  carefully  grounded  with 
low  impedance  conductors,  this  problem  isappeared.  We 
also  saw  significant  Cherenkov  light  from  the  beam  in  the 
second  setup.  The  Cherenkov  light  can  be  minimized  or 
eliminated  by  a  mask  in  front  of  the  camera  lens,  since  all 
schlieren  or  Ronchi  data  would  pass  through  an  aperture  of 
mm  dimensions,  as  was  done  in  the  first  setup. 

Figures  4,  5  and  6,  show  the  beam  power,  beam  profile 
at  the  entrance  window  to  the  target  cell,  and  the  beam 
radius  as  it  passed  through  the  cell.  The  beam  radius 
increased  due  to  the  initial  divergence  of  the  beam,  and 
multiple  scattering  in  the  water  and  windows. 


Pulse  Width  (ns) 


Figure  4,  Beam  power  vs  pulse  length,  at  30  Hz. 
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Figure  5,  Beam  profile. 
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Figure  6,  The  beam  size  in  the  test  cell 


The  second  setup  is  shown  in  Fig.  7,  which  shows  the 
two  mirrors,  test  cell,  camera  and  light  source  structure 
near  the  beam  exit  window  of  the  linac. 


Figure  7,  The  colinear  setup. 


RESULTS 

The  data  presented  here  are  preliminary,  since  we  have 
just  begun  to  process  the  graphics,  and  have  not  had  a 
chance  to  fully  understand  the  density  and  velocity 
gradients  in  the  cell.  We  have  looked  at  perpendicular  and 
colinear  geometries,  horizontal  and  vertic^  knife  edge  data 
which  produces  vertical  and  horizontal  density  gradients. 
We  have  also  pnxiuced  horizontal  and  vertical 
Ronchigrams  which  can  be  used  to  generate  numerical 
estimates  of  the  density  fluctuations.  This  data  were  taken 
with  time  intervals  between  pictures  of  0.5  to  2  s,  and 
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using  a  range  of  beam  powers.  We  will  show  some 
example  data.  Fig.  8  and  9  show  vertical  and  horizontal 
gradients  viewed  from  the  side,  and  Fig.  10  and  Fig.  11 
show  vertical  and  horizontal  colinear  gradients.  Fig  12  is 
taken  with  a  vertical  Ronchi  grid. 


Figure  10,  Colinear  image,  vertical  gradient 


Figure  12,  Colinear  image,  Ronchi  pattern 


This  initial  test  of  schlieren  and  Ronchi  methods  shows 
that  density  gradients  in  liquid  targets  are  easily  accessible. 
We  plan  to  extend  this  work  to  quantitative  comparison 
with  predictions  of  computational  fluid  dynamics  for  high 
power  beams  in  water  and  liquid  hydrogen. 
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MUON  COOLING  IN  THE  RFOFO  RING  COOLER 
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Abstract 

The  performance  of  the  ring  described  here  compares  fa¬ 
vorably  with  the  linear  cooling  channel  used  in  the  second 
U.S.  Neutrino  Factory  Study[l].  The  6D  phase  space  den¬ 
sity  of  an  idealized  ring  is  increased  by  a  factor  of  238, 
compared  with  the  linear  channel’s  factor  of  only  15.  The 
simulations  make  use  of  fully  realistic  magnetic  fields,  and 
include  absorber  and  rf  cavity  windows,  and  empty  lattice 
cells  for  injection/extraction. 


INTRODUCTION 

In  the  present  U.S.  Neutrino  Factory  design  [2]  the  muon 
beam  6D  phase  space  volume  must  be  reduced  in  order  to 
be  able  to  accelerate  it  and  inject  into  the  storage  ring  point¬ 
ing  to  a  long  distance  neutrino  detector.  Ionization  cooling 
is  currently  the  only  feasible  option  for  cooling  the  beam 
within  the  muon  lifetime  (tq  =  2.19  /xs).  If  muons  alter¬ 
nately  pass  through  a  material  absorber,  and  are  then  reac¬ 
celerated,  and  if  there  is  sufficient  focusing  at  the  absorber, 
then  the  muon’s  transverse  phase  space  is  reduced,  i.e.  the 
muons  are  cooled  in  the  transverse  dimension.  A  conse¬ 
quence  of  the  transverse  cooling  is  an  increase  of  the  longi¬ 
tudinal  phase  space  caused  by  energy  straggling  in  the  ma¬ 
terial.  The  consequent  momentum  spread  can  be  reduced  if 
dispersion  is  introduced  and  a  wedge  absorber  placed  such 
that  high  momentum  particles  pass  through  more  material 
than  low  momentum  particles.  However,  in  this  process 
the  beam  width  is  increased.  The  process  is  thus  primar¬ 
ily  an  exchange  of  emittance  between  the  longitudinal  and 
transverse  dimensions,  but  when  combined  with  transverse 
cooling  in  the  material,  all  three  dimensions  can  be  cooled. 

The  ring  design  parameters  are  given  in  Tb.  1.  All  cells 
are  strictly  identical,  and  the  presence  of  an  integer  betatron 
resonance  within  the  momentum  acceptance  is  eliminated. 

Figure  1  shows  a  detailed  view  of  three  cells  of  the  lat¬ 
tice,  in  plan  (a)  and  side  (b)  views.  The  solenoids  are  not 
evenly  spaced;  those  on  either  side  of  the  absorbers  are 
closer  in  order  to  increase  the  focusing  at  the  absorber.  The 
longitudinal  field  on-axis  has  an  approximately  sinusoidal 
dependence  on  position.  The  beam  axis  is  displaced  later¬ 
ally  with  respect  to  the  coil  centers  (as  shown  in  Fig.  la)  to 
minimize  horizontal  fields  that  cause  vertical  beam  devia¬ 
tions. 

The  bending  field  for  the  ring,  and  the  required  disper¬ 
sion,  are  provided  by  alternately  tilting  the  solenoids  by 
3.0^ 
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Table  1 :  RFOFO  Basic  Ring  Parameters 


Circumference  (m) 

33 

Cells 

12 

Max  (T) 

2.77 

Coil  Tilts  (deg.) 

3.0 

Ave  Momentum  (MeV/c) 

220 

Min  Trans.  Beta  (cm) 

38 

Max.  Dispersion  (cm) 

8 

Momentum  Compaction 

0.0037 

Wedge  Absorber  Material 

H2 

Wedge  Thickness  on  axis  (cm) 

25.4 

Wedge  Angle  (°) 

90 

Wedge  Vertex  position  (cm) 

12.7 

Wedge  Azimuthal  angle  C) 

230 

Frequency  (MHz) 

201.25 

Graffient  (MV/m) 

12 

Phase  (°)  from  0-crossing 

25 

Figure  1 :  Three  cells  of  the  RFOFO  lattice;  a)  plan  view;  b) 
side  view.  Notice  that  the  coils  have  been  displaced  radially 
by  10  cm. 

MODELING  THE  RING 

The  RFOFO  ring  was  modeled  using  the  ICOOL 
code[3].  The  magnetic  field  from  the  tipped  solenoids  was 
calculated  in  an  independent  code  that  found  the  resul¬ 
tant  field  by  summing  the  fields  from  a  system  of  current 
sheets [4,  5].  The  field  of  a  solenoidal  current  sheet  can 
be  written  analytically  in  terms  of  elliptic  integrals.  The 
resultant  field  components  were  shown  to  satisfy  the  3D 
Maxwell  equations  to  a  high  level  of  accuracy  and  agreed 
with  independent  calculations[6,  7].  The  solenoidal  field 
on-axis  was  approximately  sinusoidal  with  a  peak  magni- 
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tude  of  2.7  T.  The  solenoids  were  tipped  to  produce  an  av¬ 
erage  vertical  dipole  field  of  0.125  T  on-axis.  The  circle 
containing  the  centers  of  the  solenoids  was  displaced  10  cm 
outwards  radially  from  the  nominal  beam  axis  in  order  to 
minimize  the  horizontal  dipole  field  on  the  axis. 

The  rf  cavities  were  modeled  using  cylindrical  pillboxes 
running  in  the  TMOlO  mode.  The  cavities  are  located  in 
a  dipole  field  in  this  design.  Since  we  are  accelerating 
muons,  the  cavities  can  be  enclosed  with  metallic  end  win¬ 
dows  in  order  to  produce  the  maximum  electric  field  on- 
axis  for  a  given  amount  of  rf  power.  The  rf  windows  were 
stepped  in  thickness  radially,  in  order  to  provide  minimum 
thickness  near  the  beam  axis  and  still  control  the  tempera¬ 
ture  increase  due  to  rf  heating. 


p-AP — - 
HBEAM 

P+AP  , 


Figure  2:  Wedge  absorber  used  in  the  simulations. 

The  wedge  absorbers  are  house-shaped,  as  shown  in 
Fig.  2.  The  wedge  only  extends  part  way  across  the  gap, 
such  that  a  particle  on  the  reference  orbit  always  loses  the 
same  amount  of  energy  crossing  the  wedge.  The  absorber 
windows  were  planar  and  located  axially  just  in  front  of  and 
behind  the  wedge  itself.  This  is  likely  a  worst  case  because 
the  whole  beam  is  forced  to  cross  the  window  regardless 
of  its  transverse  position.  In  reality  the  window  shape  will 
conform  to  the  absorber  and  the  effect  on  the  beam  of  scat¬ 
tering  in  the  window  should  be  lessened. 

We  use  a  Gaussian  input  beam[6]  in  the  simulations  with 
a  normalized  transverse  emittance  of  12  mm  and  a  normal¬ 
ized  longitudinal  emittance  of  18.4  mm.  The  reference  mo¬ 
mentum  is  203  MeV/c.  This  value  was  chosen  to  make  the 
circulation  time  around  the  ring  on  a  closed  orbit  equal  to 
the  25th  harmonic  of  201.25  MHz.  The  initial  beam  has 
a  correlation  between  the  axial  momentum  and  the  trans¬ 
verse  amplitude,  to  minimize  the  tendency  for  the  particles 
in  the  bunch  to  spread  out  longitudinally  in  the  solenoidal 
field.  The  initial  rms  bunch  length  is  8  cm,  so  this  ring  is 
not  compatible  with  the  bunch  train  assumed  in  Study-2. 
The  use  of  compact  cooling  rings  will  likely  also  require 
the  use  of  a  preceding  bunch  compression  ring. 

The  mean  transverse  position  of  the  starting  bunch  was 
displaced  by  -10  mm  in  x  and  18  mm  in  y  to  put  the  refer¬ 
ence  momentum  particle  on  a  closed  orbit. 

SIMULATION  RESULTS 

Three  merit  factors  have  been  widely  used  in  the  dis¬ 
cussion  of  cooling  ring  performance.  The  quantity  M- 

factor,  defined  by  M  =  x  Transmission,  is 


most  useful  for  collider  applications.  Another  figure  of 
merit,  which  is  local  in  character,  is  the  Q-factor  de¬ 
fined  by  Q{$)  —  if  Q{s)  is  constant,  then 

<  Q  >=  Ln(||^)/Ln(^^).  The  third  merit  factor,  and 
the  one  most  (firectly  useful  for  neutrino  factories,  is  the 
muon  density  into  a  fixed  accelerator  acceptance  volume. 
If  N  is  the  number  of  muons  and  V  is  a  fixed  acceptance 
volume  in  phase  space,  then  we  define  the  D-factor  at  any 
location  s  along  the  ring  to  be  D[s)  — 

We  first  consider  the  performance  of  an  idealized  ring 
before  the  introduction  of  windows  around  the  absorbers 
and  rf  cavities  and  before  the  introduction  of  empty  cells 
for  injection/extraction.  Figure  3  shows  the  three  emit- 
tances,  transverse,  longitudinal  and  6D,  merit  factor  M  and 
transmission  plotted  on  a  logarithmic  scale  versus  distance 
traveled.  Table  2  summarizes  the  performance.  The  Q- 
factor  is  8.7.  After  a  distance  of  400  m  («  12  turns),  the 


Figure  3:  Performance  of  RFOFO  Ring.  Transmission, 
normalized  transverse  emittance,  normalized  longitudinal 
emittance,  normalized  6-dimensional  emittance,  and  the 
merit  factor  M,  as  a  function  of  distance. 


6D  emittance  has  fallen  by  a  factor  of  238,  with  a  transmis¬ 
sion  of  53%  (66%  without  decay).  The  M-factor  is  125. 
The  same  factor  for  the  Study-2  cooling  lattice,  also  with¬ 
out  windows,  is  15. 


Table  2:  RFOFO  Ring  Performance 


Before 

After 

ratio 

€x  (Trmm^) 

11.87 

2.14 

5.5 

€|j  (7rmm) 

18.64 

2.53 

7.4 

ee  (TT^cm^) 

2.86 

0.012 

238 

iV/ATo,  inc.  decay 

1 

0.53 

0.53 

M-factor 

1 

125 

125 

D-factor 

1 

8.57 

8.57 

We  next  show  the  idealized  ring  behavior  in  terms  of  the 
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muon  density.  Figure  4  shows  the  total  muon  transmission 
together  with  the  muon  density  into  two  fixed  acceptance 
volumes.  These  volumes  could  correspond  to  the  accep¬ 
tance  of  a  linear  accelerator  that  follows  the  cooling  ring  at 
a  neutrino  factory. 


Figure  4:  Performance  of  RFOFO  Ring.  Transmission  and 
muon  density  into  two  fixed  acceptance  volumes.  These 
results  were  obtained  using  a  100°  wedge. 

The  idealized  ring  increases  the  muon  density  into  the 
smaller  acceptance  volume  by  a  factor  of  almost  9  in  250  m, 
which  corresponds  to  about  8  turns.  The  density  in  the 
larger  acceptance  volume  increases  by  about  a  factor  of  6. 

The  introduction  of  windows  around  the  absorbers  or 
rf  cavities  introduces  new  sources  of  scattering  and  de¬ 
grades  the  cooling  performance.  In  addition  a  real  ring 
needs  space  for  injection/extraction.  This  is  treated  here 
by  leaving  the  rf  and  absorbers  out  of  two  of  the  12  lat¬ 
tice  cells.  The  empty  cells  have  the  same  pairs  of  solenoids 
however,  so  the  magnetic  field  periodicity  is  preserved.  Ta¬ 
ble  3  shows  the  result  of  a)  adding  absorber  windows,  b) 
adding  rf  cavity  windows,  and  c)  leaving  empty  cells  in  the 
lattice. 

The  absorber  window  used  in  Study-2  was  360  ^tm  of 
aluminum.  We  see  that  windows  of  this  thickness  degrade 
the  performance  by  about  30%.  For  safety  reasons  it  may 
be  necessary  to  use  an  additional  window  that  increases  the 
total  amount  of  aluminum.  On  the  other  hand  the  use  of 
other  materials  or  optimized  window  shapes  could  reduce 
the  amount  of  material.  Another  possibility  would  be  to 
replace  the  liquid  H2  absorber  with  a  solid  material.  LiH 
is  one  possible  candidate,  although  Tb.  3  shows  there  is  a 
45%  loss  of  performance  with  this  option. 

The  rf  Be  windows  degrade  the  performance  by  about 
35%.  One  possibility  to  get  around  this  problem  is  to 
operate  the  cavities  at  liquid  nitrogen  temperature.  The 
lower  operating  temperature  and  the  reduced  rf  gradient 
of  12  MV/m  versus  16  MV/m  in  Study-2  allow  the  thick- 


Table  3:  Perturbations  on  the  idealized  ring  performance. 
FS2  stands  for  Study-2  used  windows;  FS2/20  stands  for 
windows  used  in  Study-2  with  thicknesses  reduced  by  a 
factor  of  20. 


absorber 

abs  win 

rf  win 

empty  cells 

D 

LH 

none 

none 

0 

8,93 

LH 

250^m  AL 

none 

0 

7.50 

LH 

360/tm  AL 

none 

0 

6.60 

LH 

500  fjm  AL 

none 

0 

6.08 

LiH 

none 

none 

0 

4.88 

LH 

none 

FS2 

0 

5.88 

LH 

none 

FS2/20 

0 

7.80 

LH 

none 

none 

2 

6.73 

LH 

360/tm  AL 

FS2/20 

2 

4.25 

ness  of  the  windows  to  be  decreased  by  a  factor  of  20 
and  the  performance  loss  is  only  13%.  Alternatively,  one 
could  eliminate  the  rf  cavity  windows  altogether  and  use 
an  open  cavity.  This  has  the  disadvantage  that  four  times 
more  power  is  required  to  produce  the  same  Ez  on  axis. 

Introducing  empty  cells  for  injection/extraction  reduces 
the  performance  by  25%. 

Finally,  we  consider  an  example  that  combines  all  of 
these  effects.  We  choose  liquid  H2  as  the  absorber  with 
Study-2  like  windows,  assuming  we  can  use  this  effective 
amount  of  aluminum  because  of  improved  alloys  or  win¬ 
dow  shape.  We  assume  operation  at  liquid  nitrogen  temper¬ 
ature  and  use  the  thinner  Be  rf  windows  and  leave  empty 
cells  in  the  lattice  for  injection/extraction.  This  realistic 
ring  model  still  gives  an  impressive  increase  in  the  muon 
density  of  a  factor  of  4.25 
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Abstract 

As  part  of  a  luminosity  upgrade  it  is  planned  to  add  an 
electron  cooling  section  to  the  RHIC  accelerator.  Existing 
electron  coolers  operate  at  low  beam  energies  and  use  a 
continuous  electron  stream.  The  ion  energy  of  100  GeV/u 
in  RHIC  requires  an  electron  energy  of  55  MeV.  Therefore 
the  RHIC  cooler  uses  a  linac  with  energy  recovery  for  the 
electron  acceleration.  Short  bunches  exiting  the  linac  sec¬ 
tion  are  stretched  longitudinally  to  reduce  the  momentum 
spread  and  space  charge  effects  in  the  cooling  section,  and 
compressed  afterwards  for  deceleration  and  energy  recov¬ 
ery  in  the  linac.  This  report  describes  the  design  of  the 
electron  beam  transport  and  simulation  results. 

INTRODUCTION 

The  RHIC  accelerator  provides  collisions  of  ions  from 
protons  to  gold.  The  particles  are  injected  through  a  chain 
of  pre-accelerators  including  a  Tandem  accelerator  for  ions 
and  a  linac  for  (polarized)  protons,  a  booster  and  the  AGS 
synchrotron.  The  normalized  transverse  emittance  in  RHIC 
is  10  mm  ihrad  for  ions.  Future  extensions  of  the  accel¬ 
erator  complex  include  a  pair  of  electron  coolers  (for  the 
“blue”  and  “yellow”  rings)  which  will  be  used  to  fight  the 
degradation  of  the  bunch  length  and  emittance  due  to  intra 
beam  scattering  over  the  duration  of  a  fill  and  even  increase 
the  luminosity  by  decreasing  the  transverse  emittance. 

To  achieve  this  task  the  RHIC  electron  coolers  have  to 
work  at  storage  energies  of  100  GeV/u.  This  corresponds 
to  an  electron  energy  of  55  MeV.  The  usual  techniques  of 
generating  such  electron  beams  (like  a  Pelletron)  cannot  be 
used.  Instead,  a  super-conducting  linac  is  appropriate  and 
energy  recovery  is  used  to  reduce  the  resulting  beam  power 
of  5  MW  to  manageable  levels  before  dumping  the  beam. 

A  first  study  was  performed  in  collaboration  of  BNL  and 
Budker  Institute  of  Nuclear  Physics  [1].  The  design  laid  out 
in  this  study  has  since  been  improved,  the  biggest  change 
being  the  replacement  of  a  DC  electron  gun  by  a  photo¬ 
cathode  RF  gun. 

This  report  presents  the  improvements  to  the  layout  and 
optics  of  the  RHIC  Electron  Cooler. 

OVERVIEW 

The  layout  of  the  cooler  is  shown  in  Figure  1.  The  elec¬ 
tron  beam  is  created  in  the  photo-cathode  RF  gun  shown  in 
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red  in  the  picture.  A  bunch  charge  of  10  nC  is  assumed  and 
the  energy  after  the  gun  is  2.5  MeV.  Using  a  pair  of  dipole 
magnets  with  a  deflection  angle  of  3  degrees  each  the  beam 
is  injected  into  the  super-conducting  linac,  consisting  of 
four  5  cell  700  MHz  cavities  and  two  2100  MHz  cavities. 
The  beam  is  accelerated  to  55  MeV.  It  passes  a  weak  dipole 
magnet  which  will  extract  the  beam  after  energy  recovery. 
A  matching  section  with  six  quadrupoles  is  used  to  achieve 
the  required  phase  advances  for  the  transport  of  magnetized 
beam.  The  “stretcher”  increases  the  bunch  length  from  1.5 
cm  to  7  cm,  with  a  200  MHz  cavity  at  the  end  to  reduce  the 
energy  spread  of  the  beam.  This  cavity  needs  to  be  in  a  lo¬ 
cation  with  zero  dispersion  to  maintain  magnetization  and 
emittance  of  the  beam.  The  electron  beam  is  then  injected 
into  the  cooling  section  where  it  merges  with  the  ion  beam. 
The  cooling  section  includes  two  13  m  long  solenoids  with 
a  matching  section  between  them  to  maintain  magnetiza¬ 
tion.  A  second  200  MHz  cavity  introduces  the  opposite 
energy  spread,  so  that  the  following  “compressor”  section 
(identical  to  the  stretcher)  reduces  the  bunch  length  to  1.8 
cm.  The  beam  passes  the  3  degree  magnet  mentioned 
above,  however,  the  beam  energy  is  now  25  times  higher 
so  that  the  beam  is  only  deflected  by  a  tenth  of  a  degree. 
The  path  length  is  adjusted  so  that  the  beam  is  shifted  by 
180  degrees  relative  to  the  accelerating  phase  of  the  cav¬ 
ity  and  is  therefore  decelerated  while  passing  through  the 
cavities.  With  a  beam  eneigy  of  now  2.5  MeV  the  dipole 
magnet  mentioned  above  deflects  the  beam  into  the  beam 
dump. 


DETAILS 

Injection  into  the  cavities 

At  the  entrance  of  the  linac  the  low  eneigy  beam  and  the 
high  energy  beam  must  be  merged.  This  is  accomplished 
by  a  dipole  magnet  that  deflects  the  low  eneigy  beam  by 
3  degrees  while  the  high  energy  beam  is  not  effected  sig¬ 
nificantly.  The  dipole  creates  dispersion  which  reduces  the 
magnetization  of  the  beam.  Since  the  momentum  distribu¬ 
tion  of  the  electrons  is  changed  in  the  linac  the  dispersion 
must  be  compensated  locally.  Therefore  a  pair  of  dipoles  is 
used  with  solenoid  focusing  to  create  a  180  degree  betatron 
phase  advance  between  them.  In  order  to  avoid  coupling 
the  focusing  is  done  with  a  so  called  Stabenov  magnet:  two 
solenoid  coils  with  opposing  fields. 


0-7803-7738-9/03/S17.00  ©  2003  IEEE 


2005 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Figure  1 :  Schematic  overview  of  the  RHIC  electron  cooler.  The  magnetized  electron  beam  is  accelerated  in  a  recirculating 
super  conducting  linac  and  stretched  to  the  required  bunch  length  in  an  extra  loop  in  the  arc  that  also  serves  as  a  transfer 
line  into  the  solenoid.  At  the  exit  of  the  solenoid  a  second  arc  reduces  the  bunch  length  to  its  original  value  and  transports 
the  beam  back  to  the  linac  for  energy  recovery,  (graphic  by  S.  Bugros) 


Harmonic  energy  correction 

The  bunches  have  a  length  of  ±15  degrees  in  the  700 
MHz  system.  The  head  and  the  tail  therefore  see  a  smaller 
acceleration  field  than  the  center  of  the  bunch.  In  order 
to  flatten  the  energy  spread  in  the  electron  beam  two  2100 
MHz  cavities  decelerate  the  beam  and  do  so  much  more 
in  the  middle  than  in  the  head  and  tail.  The  system  also 
minimizes  energy  spread  due  to  space  charge. 

Stretcher/Compressor 

The  stretcher  lengthens  the  electron  beam  which  has  two 
purposes:  First,  together  with  a  200  MHz  cavity  it  rotates 
the  bunch  in  longitudinal  phase  space  to  reduce  the  energy 
spread  of  the  electron  bunch.  For  such  rotation  the  path 
length  in  the  stretcher  should  be  only  a  function  of  the  mo¬ 
mentum  deviation  of  the  electrons.  The  path  length  devia¬ 
tion  through  the  stretcher  is: 


Figure  2:  Optics  of  the  stretcher/compressor 


J  p(s) 

where  xp{s)  is  the  betatron  motion  of  the  particle,  D{s) 
is  the  dispersion  function  and  p{s)  is  the  bending  radius 
in  the  dipoles.  By  using  a  mirror  symmetric  layout  with 
180  degrees  phase  advance  between  the  inner  dipoles  the 
contribution  of  to  the  integral  is  zero  The  optics  of  the 
stretcher  is  shown  in  figure  2 


The  second  function  of  the  stretcher  is  to  reduce  the  den¬ 
sity  of  the  electron  beam  and  therefore  to  reduce  the  space 
charge  effect  of  the  electron  beam  on  the  ion  beam. 

Cooling  solenoid  and  coupling  compensation 

The  length  of  the  cooling  section  is  approximately  30 
meters.  For  engineering  reasons  the  cooling  solenoid  is 
split  into  two  parts.  To  preserve  electron  beam  magne- 
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Figure  3:  Optics  of  the  matching  section  between  the  coob 
ing  solenoids 

tization  an  appropriate  matching  section  between  the  two 
solenoids  is  required.  In  reference  [2]  this  matching  is  ac¬ 
complished  by  a  short  focusing  solenoid  in  the  middle  of 
the  gap. 

Using  a  solenoid  for  the  focusing  preserves  axial  sym¬ 
metry  and  requires  that  the  field  of  the  two  cooling 
solenoids  have  the  same  direction.  This  is  a  source  of  cou¬ 
pling  for  the  ion  beam  and  rotates  the  spin  if  RHIC  accel¬ 
erates  polarized  protons.  To  avoid  these  detrimental  effects 
an  alternative  scheme  has  been  developed  consisting  of  a 
quadrupole  matching  section  between  the  solenoids.  Using 
quadrupoles  for  focusing  allows  having  opposing  fields  in 
the  cooling  solenoids.  The  matching  section  must  provide 
a  phase  advance  of  180  degrees  in  the  horizontal  direction 
and  360  degrees  in  the  vertical  direction.  Figure  3  shows 
the  optics  for  the  matching  section.  Figures  4  and  5  show 
the  difference  of  the  two  methods. 


ABC 


Figure  4:  Maintaining  beam  magnetization  across  solenoid 
gaps.  Focusing  with  solenoid:  A  -  the  fringe  field  of  the 
first  cooling  solenoid  creates  a  vortex.  B  -  Focusing  with  a 
short  solenoid  reproduces  the  same  vortex  at  the  entrance 
of  the  second  cooling  solenoid.  C  -  the  fringe  field  stops 
the  vortex. 


1  2  3 


Figure  5:  Maintaining  beam  magnetization  across  solenoid 
gaps.  Focusing  with  quadrupole:  1  -  the  fringe  field  of  the 
first  cooling  solenoid  creates  a  vortex.  2  -  A  quadrupole 
section  rotates  the  vortex  around  the  vertical  axis.  3  -  the 
fringe  field  of  the  second  cooling  solenoid  stops  the  vortex. 

charge  forces  at  low  energies  and  is  used  to  optimize  the 
beam  parameters.  Without  alignment  error  PARMELA 
predicts  inside  the  cooling  solenoid  a  transverse  temper¬ 
ature  of  1500  eV  and  an  energy  spread  of  8  •  10  None 
of  the  tracked  particles  was  lost  before  reaching  the  beam 
dump. 

CONCLUSION 

The  design  of  the  RHIC  electron  cooler  is  still  ’’work 
in  progress”.  A  transverse  temperature  to  less  than  1000 
eV  should  be  achieved  to  obtain  the  desired  cooling  rates. 
We  are  confident  that  this  goal  can  be  reached  by  careful 
emittance  compensation.  Also,  a  careful  study  of  field  and 
alignment  errors  is  necessary. 

REFERENCES 

[1]  V.  Parkhomchuk,  I.  Ben-Zvi:  Electron  Cooling  for  RHIC,  C- 
A/AP/47 

[2]  A.  Burov  et  al.:  Optical  principles  of  beam  transport  for 
relativistic  electron  cooling,  Phys.  Rev.  Special  topics  - 
Accelerators  and  Beams,  Vol  3, 094002  (2000) 

[3]  K.R.  Crandall,  L.  Young,  H.Billen,LANL 


PARMELA  RESULTS 

The  electron  optics  has  been  checked  with  the  tracking 
program  PARMELA  [3].  PARMELA  includes  the  space 
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Abstract 

We  describe  several  storage  ring  designs  for  reducing 
the  6-dimensional  phase  space  of  circulating  muon  beams. 
These  rings  utilize  quadrupole  and  dipole  magnets  as  well 
as  wedge-shaped,  liquid-hydrogen,  energy-loss  absorbers 
and  energy  compensating  rf  cavities.  We  obtain  evaluations 
of  their  cooling  performance  by  particle  tracking  simula¬ 
tion.  Such  rings  are  potentially  useful  for  future  Neutrino 
Factories  or  Muon  Colliders  as  well  as  for  existing  facili¬ 
ties  in  which  cooled,  intense  muon  beams  could  enhance 
their  physics  programs. 

INTRODUCTION 

Two  key  components  of  a  future  collider  complex 
based  on  counter-circulating  muon  beams  [1]  are  the  tar- 
get/captuie  system  [2]  and  the  cooling  system[3].  In  addi¬ 
tion,  cooling  systems [4]  are  envisioned  for  Neutrino  Fac¬ 
tory  complexes[5, 6]  which  are  based  on  the  collection  and 
storage  of  circulating  muon  beams. 

Attempts  to  reduce  the  cooling  infrastructure,  thereby  re¬ 
ducing  costs  of  the  cooling  system,  have  led  to  a  consider¬ 
ation  of  cooling  rings  as  a  possible  simplifying  approach 
to  achieve  6D  cooling  of  the  muon  beam  phase  space. 
Whereas  linear  cooling  systems  are  useful  for  cooling  the 
transverse  emittance  of  muon  beams,  cooling  rings  have 
the  additional  advantage  of  generating  momentum  disper¬ 
sion  in  the  circulating  beam  thus  providing  the  opportunity 
to  insert  wedge  absorbers  into  the  beam  in  order  to  also  re¬ 
duce  the  longitudinal  beam  emittance.  We  discuss  in  this 
paper  one  such  approach  in  which  the  ring  structure  is  com¬ 
posed  of  quadrupole  and  dipole  magnets  along  with  the  in¬ 
clusion  of  energy-loss  absorbers  and  rf  cavities  which  are 
required  to  restore  the  energy  of  the  muon  beam  [7]. 

RING  LATTICES 

In  general,  our  approach  has  been  to  obtain  linear  lattice 
solutions  using  the  code  SYNCH  [8]  and  then  transferring 
the  lattice  parameters  to  the  code  ICOOL  [9]  where  the  ef¬ 
fects  of  eneigy  loss  in  absorbers  and  the  subsequent  energy 
recovery  in  rf  cavities  can  be  modeled. 

The  system  can  cool  both  transversely  and  longitudi¬ 
nally,  but  the  longitudinal  cooling,  which  is  proportional 
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to  the  product  of  the  absoiber  wedge  angle  and  beam  dis¬ 
persion,  causes  a  reduction  of  the  cooling  in  the  transverse 
bend  plane[10].  The  cooling,  together  with  heating  from 
scattering  and  straggling  in  the  absorbers,  results  in  a  min¬ 
imum  achievable  equilibrium  emittance[ll].  The  expres¬ 
sion  for  the  transverse  equilibrium  emittance  is  given  by 

^N,eq  -  2j3m^c^LR{dE/ds) 

where  j3±_  is  the  Courant-Snyder  focusing  parameter,  Eg  is 
the  characteristic  scattering  energy  (  rsj  13,6  MeV),  P  is  the 
Lorentz  velocity,  is  the  muon  mass,  c  is  the  velocity  of 
light,  Lr  is  the  material  radiation  length,  and  dE/ds  is  the 
energy  loss  rate  of  the  beam  in  the  absorbing  material.  The 
equilibrium  emittance  sets  the  minimum  achievable  emit¬ 
tance  and  is  directly  proportional  the  beam  parameter  /?_l- 

Each  cell  is  designed  to  obtain  beam  waists  at  the  centers 
of  both  the  absorbers  and  rf  cavities.  We  seek  a  j3min  in  the 
absorber  which  will  yield  a  small  equilibrium  emittance. 
We  also  attempt  to  minimize  the  f^rnax  of  the  lattice,  thus 
maximizing  the  transverse  acceptances. 

A  Quadrupole-dipole  lattice 

This  32  meter  circumference  ring  has  eight  symmetric 
cells  (Fig.  1) .  The  22.5°  dipoles  and  the  adjacent  center 


Figure  1:  A  quadmpole-dipole  8-cell  ring  lattice  with  prnin 
and  dispersion  values  in  the  wedge  absorbers  chosen  to  pro¬ 
duce  6D  cooling. 
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Figure  2:  History  of  the  normalized  emittance  for  each 
plane  as  a  function  of  full-ring  turns  in  the  dipole- 
quadnipole  ring  of  Fig.  1 

quadrupoles  create  finite  dispersion  in  the  absorber  with 
zero  dispersion  in  the  rf  cavities.  The  gradients  in  the 
quadrupoles  and  dipoles  are  adjusted  to  give  /?mm=25  cm 
at  the  cell  center.  We  set  the  length  of  the  absorber  equal 
to  the  value  of  /?mm  so  that  the  j3x  parameter  of  the  beam 
remains  nearly  constant  within  the  absorber.  For  computa¬ 
tional  convenience  in  the  simulations,  the  gradient  dipole 
was  replaced  by  a  zero-gradient  dipole  bordered  by  two 
thin  quadrupoles.  Fig.  2  shows  the  perfomiance  of  the 
ring  in  terms  of  the  evolution  of  the  normalized  beam  emit- 
tances.  Note  that  an  emittance  reduction  is  achieved  for  all 
three  planes. 

Dipole-only  lattice 

A  particularly  simple  lattice  design,  shown  as  a  4-cell, 
10-meter  ring  (Fig.  3),  has  only  a  single  dipole  magnet  in 
each  half  cell.  The  desired  orbit  functions  are  obtained  with 
the  aid  of  edge  focusing.  In  this  case,  the  dispersion  is  non¬ 
zero  everywhere,  including  in  the  rf  cavities.  The  compact¬ 
ness  of  the  ring  and  the  low  beta  values  give  good  beam 
acceptance  and  high  cooling  efficiency.  Similar  rings  with 
three  and  two  cells  have  also  been  designed  and  simulated, 
with  comparable  results  in  cooling  performance.  The  per¬ 
formance  of  this  ring  (Fig.  4)  is  characterized  by  a  merit 
factor,  which  is  defined  as  the  ratio  of  the  initial  6D  nor¬ 
malized  emittance  to  the  final  emittance  times  the  survival 
rate  of  the  circulating  muons  (see  Eq.  2).  Muon  losses  are 
incurred  both  from  d5mamical  losses  in  transit  around  the 
ring  and  losses  from  the  decay  of  the  muons. 

Merit  =  Transmission  x  —  —  —  (2) 

^Xf  ^Vf 

We  observe,  for  this  lattice  design,  a  merit  factor  in¬ 
crease  of  ~100  which  corresponds  to  an  increase  in  the 
muon  beam  phase-space  occupation  density  by  2  orders  of 
magnitude. 


Figure  3:  A  dipole-only  4-cell  ring  lattice.  The  required 
focusing  is  accomplished  by  adjusting  the  dipole  entrance 
and  exit  pole-face  angles. 


Reverse-bend  dipoles 

The  eight  cells  of  this  29  meter  ring  each  contain  four 
dipoles,  the  center  two  of  which  have  reverse  bending 
(Fig.  5).  The  dipoles  have  zero  gradient  but  strong  edge 
focusing.  The  dispersion  is  zero  at  the  ends  of  the  cell. 
The  main  advantage  of  this  feature,  as  in  the  previously  de¬ 
scribed  quadrupole-dipole  lattice  case,  is  that  it  allows  for 
the  inclusion  of  straight  sections  to  the  ring  thus  providing 
for  the  possibility  of  injection  and  extraction  sections.  An¬ 
other  potential  advantage  is  that  the  circumference  of  the 
ring  is  increased  thereby  allowing  for  the  injection  and  ex¬ 
traction  of  longer  bunch  trains. 

The  cooling  performance  (Fig.  6)  of  this  ring,  as  mea¬ 
sured  by  the  merit  factor  (Eq.  2)  is  comparable  to  the  previ¬ 
ously  considered  dipole-only  lattice  with  no  reverse  bends. 
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Figure  4:  Performance  (see  Eq.  2  for  Merit  definition)  of 
a  500  MeV/c  circulating  muon  beam  in  the  4-cell,  dipole- 
only  ring  of  Fig.  3. 

Absorber 


Figure  5:  A  dipole-only,  8-cell  ring  lattice  including  re¬ 
verse  bends.  The  pole-face  angles  and  the  reverse  bending 
give  6D  cooling  as  well  as  zero  dispersion  in  the  rf  drift 
spaces. 


SUMMARY 

We  have  demonstrated  that  the  cooling  of  muon  beams  in 
6D  phase  space  can  be  achieved  with  storage  ring  contain¬ 
ing  magnetic  elements  consisting  only  of  quadmpoles  and 
dipoles  and  in  some  cases  only  dipoles.  This  can  result  in  a 
significant  simplification  of  the  muon  cooling  system  com¬ 
ponent  of  future  muon  colliders  and/or  neutrino  factories. 
Our  analysis  is  valid  for  linear  optic  designs.  In  the  future 
we  will  extend  these  results  to  consider  the  non-linear  ef¬ 
fects  of  magnetic  elements. 


Figure  6:  Performance  of  a  250  MeV/c  beam  circulating  in 

the  8-cell,  reverse-bend  dipole  ring  of  Fig.  5 
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EFFECT  OF  SOLENOID  FIELD  ERRORS  ON  ELECTRON  BEAM 
TEMPERATURES  IN  THE  RHIC  ELECTRON  COOLER  * 

C.  Montag^  J.  Kewisch,  BNL,  Upton,  NY  11973,  USA 


Abstract 

As  part  of  a  future  upgrade  to  the  Relativistic  Heavy  Ion 
Collider  (RHIC),  electron  cooling  is  foreseen  to  decrease 
ion  beam  emittances.  Within  the  electron  cooling  section, 
the  “hot”  ion  beam  is  immersed  in  a  “cold”  electron  beam. 
The  cooling  effect  is  further  enhanced  by  a  solenoid  field 
in  the  cooling  section,  which  forces  the  electrons  to  spiral 
around  the  field  lines  with  a  (Larmor)  radius  of  10  microm¬ 
eters,  reducing  the  effective  transverse  temperature  by  or¬ 
ders  of  magnitude.  Studies  of  the  effect  of  solenoid  field 
errors  on  electron  beam  temperatures  are  reported. 

INTRODUCTION 

To  improve  the  luminosity  of  the  Relativistic  Heavy  Ion 
Collider  (RHIC)  as  well  as  as  essential  part  of  the  electron- 
ion  collider  eRHIC  currently  under  study,  electron  cooling 
at  high  beam  energies  of  7  «  100  is  being  foreseen  [1]. 
The  RHIC  electron  cooler  consists  of  a  superconducting 
energy-recovery  linac  to  accelerate  electrons  to  energies  up 
to  some  55  MeV,  thus  matching  the  Lorentz  factor  of  the 
stored  ion  beam.  To  enhance  the  cooling  effect,  a  magne¬ 
tized  beam  and  a  solenoidal  field  in  the  cooling  section  is 
foreseen  [2].  Figure  1  shows  a  schematic  drawing  of  the 
RHIC  electron  cooler. 

Table  1  shows  some  key  parameters  of  the  RHIC  electron 
cooler. 

However,  to  preserve  low  electron  emittances  from  the  gun 
through  the  linac  and  transfer  line  and  through  the  solenoid, 
exact  optics  matching  as  well  as  high  magnetic  field  quality 
is  required.  Simulation  studies  were  performed  to  identify 
the  effect  of  transverse  magnetic  field  components  in  the 

*  Work  performed  under  contract  number  DE-AC02-98CH10886  with 
the  auspices  of  the  US  Department  of  Energy 
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7max 

no 

Bll 

IT 

solenoid  length 

30  m 

cathode  temperature 

20000 K 

ApIp 

1  •  10-4 

bunch  charge 

10  nC 

transv.  rms  beam  size  in  cooler 

2  mm 

electron  bunch  length 

5  cm 

cooling  time 

30  min 

Table  1:  Parameters  of  the  RHIC  electron  cooler 


cooler  solenoid  on  electron  beam  temperatures.  The  goal 
was  to  determine  the  required  field  quality  as  a  function  of 
the  wavelength  of  the  transverse  field  distortion,  which  in 
turn  defines  the  optimum  spacing  of  correction  coils. 

SIMULATION  RESULTS 

To  study  the  effect  of  transverse  field  errors  on  electron 
beam  temperatures,  an  ensemble  of  particles  was  tracked 
through  a  30  m  long  1 T  solenoid  with  an  additional  trans¬ 
verse  field  component  of 

Bx{z)  =  B±^sm{k'z),  (1) 

B±  =  a  •  ^[|,  (2) 

where  J5j|  =  1 T  is  the  main  solenoid  field,  js;  is  the  lon¬ 
gitudinal  coordinate  along  the  solenoid,  and  k  —  27r/A  is 
the  wave  number  for  an  error  field  wavelength  A.  The  coef¬ 
ficient  a  has  been  scanned  to  determine  the  magnetic  field 
error  tolerances  for  a  given  temperature  increase. 

The  electrons  are  assumed  to  have  been  created  at  a  cathode 
with  temperature  T  —  20000  K.  This  beam  is  accelerated 
to  7  =  107  to  match  the  storage  energy  of  gold  ions  in 
RHIC.  The  longitudinal  momentum  spread  is  assumed  as 
Ap/p  =  1  •  10“^,  the  design  value  of  the  RHIC  electron 
cooler. 

Tracking  within  the  solenoid  is  performed  by  application 
of  the  Lorentz  force  equation, 

which  is  integrated  using  a  fourth-order  Runge-Kutta 
method. 

To  calculate  temperatures,  all  velocities  are  transformed  to 
the  moving  beam  frame  according  to 


Here,  vy  and  v±  are  the  longitudinal  and  transverse  veloc¬ 
ity  of  one  particular  electron,  respectively,  while  vq  and  70 
are  the  velocity  and  Lorentz  factor  of  the  bunch  center-of- 
mass.  An  asterisk  denotes  the  laboratory  frame.  Using  the 
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Figure  1 .  Schematic  overview  of  the  RHIC  electron  cooler.  The  magnetized  electron  beam  is  accelerated  in  an  energy- 
recovery  superconducting  linac  and  stretched  to  the  required  bunch  length  in  in  an  extra  loop  in  the  arc  that  also  serves  as 
a  transfer  line  into  the  solenoid.  At  the  exit  of  the  solenoid  a  second  arc  reduces  the  bunch  length  to  its  original  valueand 
transports  the  beam  back  to  the  linac  for  energy  recovery.  For  easier  manufacturing,  the  30  m  long  superconducting 
solenoid  is  split  into  two  parts  with  an  appropriate  matching  section  in  between  that  preserves  beam  magnetization  and 
thus  low  beam  temperatures. 


velocities  in  the  moving  frame,  temperatures  are  calculated 
from  the  respective  rms  values  as 


and 


T±^ 


m  •  (?;^) 
2ifc  ’ 


(6) 


(7) 


where  k  =  1.3806  •  10“^^  J/K  is  the  Boltzmann  constant. 
Figure  2  shows  the  ratio  of  longitudinal  electron  beam  tem¬ 
peratures  at  the  entrance,  Tj[(z  =  Om),  and  at  the  exit  of 
the  solenoid,  T||  [z  =  30  m),  as  a  function  of  the  transverse 
field  wavelength  for  different  values  of  the  coefficient  a, 
corresponding  to  relative  transverse  field  errors  in  the  range 
of  =  1  •  10“®  . . .  5  •  10”^.  The  longitudinal  elec¬ 

tron  beam  temperature  increase  shows  a  significant  reso¬ 
nant  behavior  when  the  wavelength  of  the  transverse  field 
component  is  in  the  vicinity  of  the  Larmor  wavelength  of 
the  electrons, 


X  27r7mc  ^  ^  ^  ^ 

'^Larmor  =  - «  1.14  m, 

eB|| 


(8) 


where  m  and  e  are  the  electron  rest  mass  and  charge,  while 
c  and  7  denote  the  speed  of  light  and  the  Lorentz  factor, 
respectively. 

In  contrast  to  this,  the  transverse  temperature  T±  stays 
practically  constant,  independent  of  the  wavelength  of  the 


Figure  2;  Longitudinal  electron  beam  temperature  increase 
T\^{z  =  30m)/r|[(^  =  Om)  at  the  end  of  the  30m  long 
cooler  solenoid,  as  function  of  the  wavelength  A  of  the 
transverse  field  component.  The  lowest,  red  line  corre¬ 
sponds  to  a  transverse  field  amplitude  of  JBx  =  1‘10”®-B||, 

while  the  top  line  (black)  shows  the  relative  temperature  in¬ 
crease  for  the  case  B±  =  5  *10"^  •  By.  Lines  in-between 
correspond  to  Bx  =  2-10“®-B||  (green),  B±  =  5-10"^-jB|| 
(blue)  B±  —  1‘  10”^  •  B\\  (purple),  and  Sx  =  2  •  10~®  •  By 
(turquoise),  respectively. 
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Figure  3:  Relative  longitudinal  temperature  increase 
T||(^)/T|j(2:  =  Om)  in  the  resonant  case  with  A  = 
^Larmor  ^  1.14  m  as  function  of  the  longitudinal  position 
along  the  solenoid.  The  lowest,  red  line  shows  a  transverse 
field  amplitude  of  B±_  =  1  •  10~®  •  By ,  while  the  top  line 
(black)  corresponds  to  the  relative  temperature  increase  for 
the  case  B±_  =  5-10”^  -  By .  Lines  in-between  correspond  to 
B_l  =  2.10-®-^y,B^  =  5-10-®-5y,5_L  =  MO-^-By, 
and  B±_  —  2  •  10”^  •  B\\ ,  respectively. 


transverse  magnetic  field.  The  increase  in  longitudinal 
electron  beam  temperature  Ty  can  therefore  be  explained 
as  coupling  of  transverse  electron  motion  into  the  longitu¬ 
dinal  direction,  thus  effectively  increasing  the  longitudinal 
energy  spread  Ap/p  and  hence  the  longitudinal  tempera¬ 
ture  Tj| . 

The  relative  longitudinal  temperature  increase  as  function 
of  the  longitudinal  position  within  the  cooler  solenoid  in 
the  resonant  case  with  A  =  ALarmor  1.14  m  is  de¬ 
picted  in  Figure  3.  As  this  picture  reveals,  the  longitu¬ 
dinal  electron  beam  temperature  increases  approximately 
linearly  along  the  cooler  solenoid. 


CONCLUSION 

The  effect  of  a  transverse  sinusoidal  field  component 
on  electron  beam  temperatures  inside  the  solenoid  of  the 
RHIC  electron  cooler  has  been  studied.  The  longitudinal 
temperature  shows  a  significant  resonant  effect  when  the 
wavelength  A  of  the  transverse  magnetic  field  equals  the 
Larmor  wavelength  ALaxmor  =  1.14  m,  while  the  trans¬ 
verse  temperature  remains  unchanged  over  a  large  range  of 
transverse  field  amplitudes  B±^,  To  preserve  the  small  lon¬ 
gitudinal  electron  beam  temperature,  transverse  magnetic 
field  components  must  not  exceed  J3x  =  1  •  10”®  *  By  for 
wavelengths  close  to  the  Larmor  wavelength  ALarmor  of 
the  electrons  inside  the  solenoidal  magnetic  field.  There¬ 
fore,  dipole  correctors  should  be  placed  at  distances  of 
-^Larmor /4  to  enable  effective  suppression  of  transverse 
magnetic  fields  with  these  wavelengths. 
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Abstract 

A  linear  ionization  cooling  channel  for  neutrino  factory 
or  muon  collider  is  considered.  It  includes  short  Li  lenses, 
matching  solenoids,  and  201  MHz  RF  cavities.  The  basic 
challenge  is  a  suppression  of  chromatic  effects  in  a  wide 
energy  range  typical  for  muon  beams.  A  special  lattice  is 
proposed  to  reach  this,  and  methodic  of  an  optimization  is 
developed  to  minimize  the  chromatic  aberrations  by  sup¬ 
pression  of  several  betatron  resonances.  The  most  engi¬ 
neering  constraint  is  a  high  field  of  matching  solenoids.  A 
channel  with  less  of  10  T  field  is  considered  in  detail.  It 
is  capable  to  cool  transverse  emittance  of  a  beam  from  2- 
3  mm  to  0.5  mm  at  the  channel  length  of  about  130  m. 
Because  there  is  no  emittance  exchange,  longitudinal  emit¬ 
tance  increases  in  the  process  from  10  to  20  mm  at  trans¬ 
mission  of  about  90%. 

INTRODUCTION 

Lithium  lens  is  probably  the  most  promising  cooling 
device  for  a  final  stage  of  muon  ionization  cooling  for  a 
/z  “  /i  collider  [1].  However,  design  of  matching  sections 
between  the  lenses  is  a  big  problem  because  of  a  huge  en¬ 
ergy  spread  of  muon  beam  and  a  strong  modulation  of  beta- 
fimction.  In  such  conditions,  chromaticity  is  a  crucial  point 
for  performances  of  the  channel.  Two  ways  to  mitigate  this 
effect  was  discussed.  First  of  them  is  to  create  a  system 
with  synchrotron  phase  advance  as  a  multiple  of  27r  per 
cell,  obtaining  about  the  same  average  energy  of  all  the  par¬ 
ticles.  As  is  shown  in  Ref.  [2],  high  accelerating  frequency 
and  gradient  are  required  to  reach  this  (e.g.  805  MHz  and 
36  MeV/m).  However,  even  at  such  ultimate  parameters, 
length  of  the  cooling  cell  and  Li  lens  should  be  very  large: 
10-12  m  and  1.6-1. 8  m  correspondingly.  At  201  MHz/15 
MeV/m  accelerating  system  accepted  nowadays  as  a  base¬ 
line  for  muon  cooling  system  [3],  the  length  would  be  2-3 
times  more.  Another  method  was  proposed  in  Ref.  [4], 
and  is  developed  in  this  paper.  The  idea  is  (i)  to  use  as 
small  betatron  phase  advance  per  cell  as  possible  to  get  a 
maximal  energy  space  between  linear  stop-bands,  and  (ii) 
to  suppress  several  of  them  by  a  special  design  of  cooling 
cell.  An  additional  optimization  of  the  system  with  more 
realistic  magnetic  field  is  performed  here. 

LAYOUT  AND  PARAMETERS 

The  cooler  is  a  linear  periodical  system  consisting  of 
ceils  shown  in  Fig.l.  The  cell  includes  Li  lens,  3  solenoid 

*  Work  supported  by  the  Universities  Research  Association,  Inc.,  under 
contract  DE-AC02-76CH03000  with  the  U.  S.  Department  of  Energy. 


Coil 


Figure  1:  Schematic  of  a  cooling  channel  with  Li  lenses, 
matching,  and  acceleration  sections. 


Distance  (cm) 


Figure  2;  Axial  magnetic  field  of  the  period . 

coils,  and  6  cavities.  Parameters  of  the  equipment  are  pre¬ 
sented  in  Table  1. 

Axial  magnetic  field  of  the  cell  is  plotted  in  Fig.2.  It 
penetrates  into  Li  lens  considerably  increasing  its  focusing 


Table  1:  Parameters  of  the  Cell 


Period  length 

265  cm 

Li  lens  length 

13.46  cm 

Li  lens  radius 

3  cm 

Li  lens  gradient 

2.624  T/cm 

Length  of  any  short  coil 

22,45  cm 

Inner  radius  of  short  coil 

6  cm 

Outer  radius  of  short  coil 

14  cm 

Current  density 

99.53  A/mm^ 

Length  of  long  coil 

206.64  cm 

Inner  radius  of  long  coil 

69  cm 

Outer  radius  of  long  coil 

71  cm 

Current  density 

96.09  A/mm^ 

Radio  frequency 

201.25  MHz 

Reference  energy  (total) 

250  MeV 

Accelerating  gradient 

12  MeV/m 

Synchronous  phase 

30^ 
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4n  371  2n  resonance 


Total  energy  (MeV) 


Figure  3:  Solid  line:  beta-function  in  the  center  of  Li  lens 
vs  total  energy  of  muon,  dashed  -  1/2  of  spur  of  transfer 
matrix  (cos  /x). 


power.  Proper  transverse  field  of  the  lens  is  taken  in  hard 
edge  approximation  i.e.  it  drops  sharply  at  the  ends. 

The  cell  is  designed  to  maximize  width  of  resonance- 
free  energy  interval  by  a  suppression  of  linear  resonances 
with  phase  advances  27r  and  Stt  per  period.  Method  of  the 
tuning  is  thoroughly  described  in  Ref.  [4],  and  the  result  is 
presented  in  Fig.3,  where  beta-function  in  the  center  of  Li 
lens  is  plotted  vs  total  energy  of  muon.  It  is  seen  that  the 
resonance-free  region  is  significantly  broader  of  100  MeV 
what  is  certainly  sufficient  to  accept  and  cool  muon  beam. 

The  parameters  are  chosen  to  get  the  stable  region  cen¬ 
tered  approximately  at  250  MeV  of  total  energy.  However, 


Figure  4:  Beta-function  of  the  period  vs  distance. 


Figure  5:  Beta-function  in  Li  lens  vs  distance. 


any  other  choice  is  also  possible  by  scaling  of  the  field  pro¬ 
portionally  to  central  momentum  at  the  same  geometry. 

Dependence  of  beta-function  of  the  cell  on  longitudinal 
coordinate  is  plotted  in  Fig.4  where  total  energy  of  muon 
is  taken  as  a  parameter.  Maximum  of  beta-function  does 
not  exceed  2  m  at  200  <  <  300  MeV,  and  1,3  m  for  the 

center  of  this  interval.  We  are  going  to  consider  the  cooling 
of  a  beam  with  initial  unnormalized  transverse  r.m,s.  emit- 
tance  about  1000  mm-mrad.  It  is  enough  to  have  windows 
of  radius  about  10  cm  in  the  high  radius  solenoids  to  accept 
this  beam.  Beta-function  in  Li  is  plotted  in  Fig.5  (only  right 
hand  part  of  this  symmetric  plot  is  shown).  It  does  not  ex¬ 
ceed  12.3  cm  what  corresponds  r.m.s.  beam  size  about  11 
mm,  so  that  the  lens  radius  30  mm  is  sufficient.  Average 
value  of  beta-function  is  5  cm  approximately,  correspond¬ 
ing  an  equilibrium  normalized  beam  emittance  about  0.4 
mm. 


COOLING  SIMULATION 

Muon  bunch  with  Gaussian  distribution  and  initial  pa¬ 
rameters  listed  in  Table  2  is  taken  for  the  simulation.  A 
beam  with  such  emittance  would  be  provided  e.g.  by  a  ring 
cooler  described  in  Ref.  [5],  We  take  an  injection  point  at 
the  center  of  Li  lens  where  ratio  of  transverse  size  to  mo¬ 
mentum  of  the  beam  should  correspond  to  beta-function  of 
about  3  cm  (see  Fig.5).  ^ 


Table  2:  Parameters  of  Injected  Beam 


Normalized  transverse  r.m.s.  emittance 

2.0  mm 

Transverse  r.m.s  size  in  any  direction 

5.2  mm 

Transverse  r.m.s.  momentum 

40MeV/c 

Normalized  longitudinal  r.m,s.  emittance 

9.3  mm 

R.m.s.  bunch  length  (ct) 

70  mm 

R.m.s.  energy  spread 

14  MeV 

Normalized  6D  emittance 

37  mm^ 

To  take  into  account  a  dependence  of  longitudinal  veloc¬ 
ity  on  transverse  momentum,  the  following  correlation  was 
applied  after  random  generation: 


E  —  Eref 


1 

V316MeV;  Vl4cm; 


+  AE'ri 


Numerical  coefficients  are  determined  empirically  to  get 
maximal  transmission  of  the  channel.  Note  that  this  corre¬ 
lation  is  excluded  by  the  inverse  transformation  at  the  cal¬ 
culation  of  emittance  of  the  cooled  beam.  The  only  aper¬ 
ture  restriction  is  applied  by  Li  lens  of  radius  3  cm. 

Evolution  of  the  beam  emittance  and  transmission  is 
shown  in  Fig.6  Enough  effective  transverse  and  6D  cool¬ 
ing  takes  place  approximately  on  50  cooling  cells  that  is 
132.5  m  long.  After  that,  the  beam  obtains  the  parameters 

^  We  take  a  periodical  channel  and  do  not  consider  a  problem  of  match¬ 
ing  of  the  beam  in  the  beginning. 
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Figure  6:  Evolution  of  the  bean  emittance  and  transmission 
(Gaussian  distribution,  10000  muons). 

listed  in  Table  3  where  cooling  factors  are  also  given  in  a 
brackets. 


Table  3:  Beam  Parameters  after  50  Cooling  Cells 


Transverse  r.m.s.  emittance 

0.52  mm 

(3.8) 

Transverse  r.m.s  size 

2.7  mm 

(1.9) 

Transverse  r.m.s.  momentum 

20  MeV/c 

(2.0) 

Longitudinal  r.m.s.  emittance 

19  mm 

(.49) 

R,m.s.  bunch  length  {ct) 

100  mm 

(.70) 

R.m.s.  energy  spread 

18  MeV 

(.78) 

Normalized  6D  emittance 

5.2  mm3 

(7.1) 

Transmission  with  decay 

0,89 

Transmission  without  decay 

0.97 

the  bunch  resulting  a  violation  of  initial  Gaussian  distribu¬ 
tion,  and  diffusion  of  some  particles  through  the  separatrix. 
An  attempt  to  continue  the  cooling  results  an  acceleration 
of  the  diffusion  and  fast  growth  of  the  particle  loss. 

CONCLUSION  AND  DISCUSSION 

It  is  shown  that  a  short  periodical  cooling  channel  with 
Li  lens  and  specially  tuned  solenoids  has  enough  large  en¬ 
ergy  acceptance  to  be  used  for  transverse  cooling  of  muon 
beams.  A  channel  of  length  132,5  m  provides  a  decrease  of 
transverse  emittance  from  2  mm  to  0.5  nun  at  transmission 
of  about  89%.  Emittance  exchange  should  be  introduced 
to  overcome  longitudinal  heating  and  to  continue  the  cool¬ 
ing  without  an  additional  particle  loss.  Another  obstacle 
is  a  high  field  of  matching  (small  radius)  solenoid  which 
reaches  9.3  T  in  this  design.  It  is  more  then  own  (trans¬ 
verse)  field  on  the  surface  of  Li  lens  which  is  only  7.9  T. 
Solenoid  field  penetrating  to  the  lens  does  not  exceed  6.8  T, 
that  is  maximal  total  field  is  10.4  T.  A  using  for  the  match¬ 
ing  of  another  Li  lens  with  less  gradient  and  more  aperture 
is  really  impossible  because  of  multiple  Coulomb  scatter¬ 
ing,  As  is  seen  from  Figs.  2  and  4,  both  length  and  beta- 
function  of  such  lens  should  exceed  corresponding  param¬ 
eters  of  the  main  lens  by  factor  about  3.  Therefore  its  con¬ 
tribution  in  the  scattering  and  equilibrium  emittance  would 
be  order  of  magnitude  more  that  is  inadmissible. 

Distinguishing  feature  of  the  channel  is  a  great  quantity 
(^  50)  of  very  short  (~  13  cm)  Li  lenses.  It  results  from 
an  aspiration  to  get  as  large  energy  acceptance  as  possi¬ 
ble.  However,  about  3  times  longer  lens  (~  40  cm)  and 
the  lattice  period  (6-7  m)  could  be  used  if  desirable  energy 
acceptance  would  as  small  as  40-50  MeV.  It  was  shown  re¬ 
cently  that  muon  beam  with  similar  energy  spread  can  be 
obtained  by  means  of  so  called  RFOFO  ring  cooler  [6]. 


Equilibrium  transverse  emittance  of  about  0.4  mm  is  re¬ 
ally  not  achievable,  first  of  all  because  of  longitudinal  heat¬ 
ing  resulting  both  from  straggling  and  negative  derivative 
of  energy  loss  dEjdx  in  the  used  energy  interval.  The  ef¬ 
fect  is  readily  illustrated  by  Fig.7  where  the  longitudinal 
phase  space  of  the  beam  is  shown  before  the  cooling  and  af¬ 
ter  60  cooling  cells.  There  is  a  considerable  lengthening  of 


Figure  7:  Longitudinal  phase  space  of  the  beam  at  injection 
(left)  and  after  60  cooling  cells  (right).  Horizontal  axis  -  ct 
(cm),  vertical  -  E  (MeV). 
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INVESTIGATION  AND  SIMULATION  OF  MUON  COOLING  RING  WITH 

TILTED  SOLENOIDS 


Abstract 


V  Balbekov,  FNAL,  Batavia,  IL  60510,  USA  * 


Alternating  solenoid  focused  muon  cooling  ring  without 
special  bending  magnets  is  considered  and  investigate  in 
detail.  Both  fringe  field  between  solenoid  coils  with  oppo¬ 
site  directed  current,  and  an  inclination  of  the  coils  in  ver¬ 
tical  plane  are  used  to  provide  a  bending  and  closing  of  the 
particle  trajectories.  Realistic  (Maxwellian)  magnetic  field 
is  calculated  and  used  for  a  simulation.  Methodic  is  devel¬ 
oped  and  applied  to  find  closed  orbit  at  any  energy,  disper¬ 
sion,  region  of  stability,  and  other  conventional  accelera¬ 
tor  characteristics.  Earlier  proposed  RFOFO  cooling  ring 
with  200  MHz  RF  system  and  liquid  hydrogen  absorbers 
is  investigated  in  detail.  After  an  optimization,  normalized 
6D  emittance  about  20  mm^  and  transmission  57%  are  ob¬ 
tained. 

INTRODUCTION 

So  called  RFOFO  ring  for  an  ionization  cooling  of  muon 
beams  was  proposed  and  simulated  for  the  first  time  in 
Ref.  [1].  Only  solenoids  was  used  in  this  design  to  get 
magnetic  field,  presuming  that  the  vertical  (bending)  com¬ 
ponent  can  be  obtained  by  tilting  of  the  solenoid  coils.  Ac¬ 
tually  bending  field  in  Ref  [1]  was  generated  by  a  truncated 
Fourier  decomposition  of  the  field  from  a  bent  solenoid. 
The  real  coils  to  generate  the  axial  field,  in  the  presence  of 
bending  field,  was  not  considered  then. 

Simulation  with  realistic  field  produced  by  vertically 
tilted  coils  was  performed  for  the  first  time  in  Ref  [2],  Both 
fringe  field  between  solenoids  with  opposite  directed  cur¬ 
rent,  and  an  inclination  of  the  coils  in  vertical  plane  are 
used  to  bend  the  particle  trajectories  and  to  get  closed  or¬ 
bits  in  a  wide  energy  interval.  This  report  is  a  further  de¬ 
velopment  and  optimization  of  this  cooler.  ^ 

LATTICE 

Following  Ref  [1],  the  ring  consisting  of  12  periods  is 
considered,  each  providing  turn  angle  30®.  The  period 
shown  in  Fig.l  includes  2  solenoid  coils  with  opposite  di¬ 
rection  of  currents,  5  cavities,  and  liquid  hydrogen  wedge 
absorber.  Period  length  is  275  cm  along  the  centerline  of 
the  coils  that  is  a  circle  of  radius  Rq  —  275  x  12/(27r) 
525.21  cm.  Therefore  circumference  of  the  ring  is  33  m 
along  this  line.  Space  between  the  centers  of  an  absorber 
and  nearest  solenoid  coils  is  55  cm.  Another  parameters  of 
the  equipment  are  taken  from  Ref  [1]  and  listed  in  Table  1. 

*  Work  supported  by  the  Universities  Research  Association,  Inc.,  under 
contract  DE-AC02-76CH03000  with  the  U.  S.  Department  of  Energy. 

^Note  at  edition:  Recently  analogous  investigation  is  done  and  similar 
results  are  derived  in  Ref.  [3]. 


COIL  COIL 


Figure  1:  Layout  of  the  cooling  ring  (one  period,  schemat¬ 
ically). 

Table  1 :  Parameters  of  the  Cooler 


Inner  radius  of  coils 

11  cm 

Outer  radius  of  coils 

88  cm 

Coil  length 

50  cm 

Current  density 

±95.27  A/mm2 

Tilting  angle  of  the  coil 

±52  mrad 

Accelerating  frequency 

199.2  MHz 

Accelerating  gradient 

16MeV/m 

Synchronous  phase 

33® 

Absorber  thickness  at  the  center 

28.5  cm 

Energy  loss  at  the  center 

12.52  MeV 

Gradient  ox  energy  loss  dE/dy 

0.7MeV/cm 

MAGNETIC  FIELD 

We  will  work  in  a  cylindrical  frame  r6y\  however,  more 
conventional  variables  x  =  r  —  Rq  and  z  =  RqO  die  actu¬ 
ally  used  (Rq  =  525.21  cm).  Magnetic  field  in  this  frame 
is  obtained  in  several  stages: 

•  Flat  field  map  of  single  coil  is  generated  in  its  natu¬ 
ral  frame  VcouZcoii  for  the  region  0  <  Zcou  <  540  cm, 
rcoii  <  480  cm. 

•  Grid  is  prepared  in  the  cylindrical  xyz  frame  for  the 
area:  -36  cm  <  x  <  14  cm,  -23  cm  <  y  <  27  cm, 
-770  cm<  z  <  770  cm,  at  the  step  of  1  cm  in  any  direc¬ 
tion. 

•  Position  of  each  node  of  the  grid  is  transformed  to  the 
frame  of  a  positive  coil  with  its  inclination  taken  into  ac¬ 
count.  Field  in  this  point  is  calculated  in  TcouZcoH  frame 
using  the  coil  field  map  and  linear  interpolation. 

•  Obtained  field  components  are  transformed  to  the  cylin¬ 
drical  frame  xyz  resulting  field  map  of  single  tilted  coil 
with  positive  current  centered  at  a:  =  y  =  2;  =  0.  Field  of 
the  coil  with  opposite  current  and  inclination  is  generated 
using  properties  of  symmetry. 

•  Centers  of  positive  and  negative  coils  are  moved  to  2;  = 
^^^82.5  cm  correspondingly,  and  their  fields  are  added  re¬ 
sulting  field  of  the  coil  pair. 
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•  Fields  of  central  pair  and  2  pairs  shifted  to  the  left  and 
right  with  a  step  of  275  cm  are  added  resulting  field  map  of 
the  period  at  -137.5  cm  <  ^  <  137.5  cm. 

Components  of  periodical  magnetic  field  are  plotted 
against  longitudinal  coordinate  in  Figs.  2  and  3  at  different 
transverse  coordinates.  The  longitudinal  field  almost  does 
not  depend  on  transverse  coordinates,  radial  field  depends 
mostly  on  x  (and  z\  and  vertical  field  -ony  (and  z). 


Z(cm) 


Figure  2:  Longitudinal  magnetic  field  at  different  trans¬ 
verse  coordinates. 


2  (cm)  Z  (cm) 


Figure  3:  Transverse  magnetic  field  at  different  transverse 
coordinates  (left  -  radial,  right  -  vertical). 

CLOSED  ORBIT  AND  DISPERSION 

A  search  of  closed  orbit  is  not  a  trivial  problem  in  such 
complicated  magnetic  field.  Symmetry  of  the  field  facili¬ 
tates  it,  because  deviations  of  closed  orbit  from  centerline 
should  be  even  function  of  z  at  any  energy.  The  results  are 
presented  in  Fig.4  at  total  energy  from  190  MeV  to  270 
MeV  with  step  10  MeV.  Swing  of  the  orbit  is  minimal  at 
reference  energy  Eref  =  220  MeV  at  chosen  inclination 
angle  52  mrad.  The  orbit  is  shifted  on  about  1 1  cm  to  the 


tance  at  different  energy,  (left  -  radial,  right  -  vertical). 


Figure  5:  Magnetic  field  V5  longitudinal  coordinate  on  220 
MeV  closed  orbit. 


ring  center,  where  the  particle  is  kept  both  by  transverse 
and  longitudinal  fields.  Magnetic  field  on  this  orbit  is  plot¬ 
ted  in  Fig.5. 

Dispersion,  that  is  deviation  of  closed  orbit  from  refer¬ 
ence  one,  is  shown  in  Figs.6.  Left  plot  shows  dependence 
of  dispersion  at  the  absorber  center  on  total  energy.  The 
vertical  dispersion  is  surprisingly  linear,  however  radial  one 
is  nonlinear  at  all.  Therefore  only  vertical  wedge  absorbers 
will  be  used  in  the  ring  for  emittance  exchange.  Right  Fig.6 
represents  dispersion  function  vs  distance  at  E  =  220  MeV. 
Vertical  dispersion  is  about  8  cm  at  the  absorber  center. 


Figure  6:  Left:  dispersion  at  the  absorber  center  vs  total 
energy.  Right:  dispersion  function  at  220  MeV  vs  distance. 


REGION  OF  STABILITY 

4D  transfer  matrix  was  calculated  for  small  deviations  of 
a  particle  with  arbitrary  energy  from  corresponding  closed 
orbit.  Its  eigenvalues  are  plotted  in  Fig.7.  It  is  seen  that  re¬ 
gion  of  stability  extends  from  185  to  265  MeV,  end  eigen¬ 
values  are  almost  equal  in  pairs  (there  is  conjugated  pair). 
Long-dashed  line  on  this  plot  represents  beta-function  the 
same  rectilinear  channel,  which  has  almost  the  same  region 
of  stability.  It  means,  probably,  that  this  2D  beta-function 
can  be  used  for  estimations  of  equilibrium  emittance,  etc. 
By  such  a  consideration,  equilibrium  transverse  emittance 
of  a  cooled  beam  should  be  about  1.5  mm  without  an  emit¬ 
tance  exchange. 
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Total  energy  (MeV) 

Figure  7:  Eigenvalues  of  the  transfer  matrix  and  beta- 
function  at  the  absorber  center  vs  total  energy. 
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Figure  8:  Evolution  of  the  beam  parameters  at  the  cooling. 


COOLING  SIMULATION 

2000  particles  are  used  for  the  cooling  simulation  of 
Gaussian  beam  with  the  parameters  listed  in  Table  2  (3rd 
column  is  commented  later).  After  random  generation,  the 


Table  2:  Parameters  of  injected  and  cooled  beams 


Inject 

10  turns 

Horizontal  emittance  (cm) 

1.2 

.26 

Vertical  emittance  (cm) 

1.2 

.23 

Longitudinal  emittance  (cm) 

1.6 

.31 

Horizontal  r.m.s.  size  (cm) 

5.0 

2.3 

Vertical  r.m.s.  size  (cm) 

5.0 

2.1 

Horiz.  r.m.s.  momentum  (MeV/c) 

25 

12 

Vertical  r.m.s.  momentum  (MeV/c) 

25 

12 

R.m.s.  bunch  length  {ct)  (cm) 

11 

4.7 

R.m.s.  energy  spread  (MeV) 

15 

6.9 

Transmission  without  decay 

1 

.75 

Transmission  with  decay 

1 

.57 

Merit  factor 

1 

68 

following  correlation  has  been  applied  to  take  into  account 
linear  dispersion 

X  ^random  “1“  ^x(,^PIp^ random^ 

and  similar  expression  for  y  where  Dx  =  2.69  cm  and 
Dy  =  8.15  cm  (see  right  Fig.6).  Then  a  correlation  due  to 
dependence  of  revolution  frequency  on  transverse  momen¬ 
tum  is  included  by  the  formula: 


turns  (330  m)  are  presented  in  3rd  column  of  Table  2.  Merit 
factor  is  defined  as 

initial 

^Sjfinal 

where  T  is  transmission  with  decay,  ee  =  is  6D 

beam  emittance. 

Transverse  and  longitudinal  phase  space  of  the  beam  be¬ 
fore  and  after  10  turns  cooling  are  representer  in  Figs.  9 
and  10. 


X{cm)  X(cm) 


Figure  9:  Projection  of  phase  ellipsoid  on  x  —  px  plane 
before  (left)  and  after  the  cooling  (right) 


ct  (on)  ct  (cm) 

Figure  10:  Projection  of  phase  ellipsoid  on  ct  —  B  plane 
before  (left)  and  after  the  cooling  (right) 


^total  —  ^Brandom  H"  Bref\J“^  +  {pt^random/'^^ 


Note  that  all  the  correlations  are  excluded  by  inverse  trans¬ 
formations  at  the  emittance  calculation  of  the  cooled  beam. 
The  beam  is  injected  in  the  absorber  center  at  transverse  co¬ 
ordinates:  Xc  =  —11.36  cm,  Pc  —  1.57  cm  corresponding 
to  closed  orbit  at  reference  energy  220  MeV. 

Evolution  of  the  beam  emittance  and  transmission  at  the 
cooling  is  shown  in  Fig. 8.  Parameters  of  the  beam  after  10 
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Abstract 

A  prototype  of  a  4,3-MeV  electron  cooling  system  is 
being  assembled  at  Fermilab  as  part  of  the  ongoing  R&D 
program  in  high  energy  electron  cooling.  This  electron 
cooler  prototype  will  not  demonstrate  the  actual  cooling 
but  it  will  dlow  determining  if  the  electron  beam 
properties  are  suitable  for  antiproton  beam  cooling.  An 
electron  beam  is  accelerated  by  a  5-MV  Pelletron  (Van  de 
Graaff  type)  accelerator  and  transported  to  a  prototype 
cooling  section.  The  cooling  will  take  place  in  a  20-m 
long  solenoid  flanked  on  both  sides  by  a  delivery  and 
return  beam-line  -  a  total  of  60  meters  of  transport 
channel.  This  paper  describes  the  first  results  of 
commissioning  this  novel  beam  line  as  well  as  the  status 
of  the  electron  cooling  R&D  program. 

INTRODUCTION 

The  application  of  electron  cooling  to  8.9  GeV/c 
antiprotons  in  the  Recycler  ring  is  a  part  of  the  program 
aimed  to  increase  the  collider  luminosity.  The  Recycler 
Electron  Cooling  system  (REC)  is  expected  to  counteract 
various  beam  heating  mechanisms  and  to  aid  beam 
stacking  in  the  Recycler  [1].  The  technical  parameters  of 
the  REC  system  are  summarised  in  Table  1. 


Thbl^h^lecfron^odin^S^stemParamet^ 


Parameter 

Design 

Achieved 

Units 

value 

or 

installed 

Electrostatic  Accelerator 

Terminal 

4.34 

4.34/3.5 

MV 

Voltage 

Electron  Beam 

0.5 

0.5/1 .0 

A 

Current 

Terminal 

500 

500 

V 

Voltage  Ripple 
Cathode 

2.5 

2.5 

mm 

Radius 

Gun  Solenoid 
Field 

<600 

600 

G 

Cooling  Section 

Length 

Solenoid  Field 

20 

<150 

18 

150 

m 

G 

Vacuum 

Pressure 

0.1 

wip  (work 
in  progress) 

nTorr 

Electron  Beam 
Radius 

6 

wip 

mm 

Electron  Beam 
Divergence 

<80 

wip 

firad 

Figure  1:  Mechanical  schematic  of  the  U-bend  test  stand. 
Symbols  denote:  IP-  ion  pump,  L-  lens,  GV-  gate  valve, 
WS-  wire  scanners,  FW  -  flying  wire,  BPM  -  beam- 
position  monitor. 

At  present,  the  test  of  beam  recirculation  in  the  short 
beam  line  (Figure  1)  has  been  completed.  The  magnetic 
field  measurements  of  the  cooling  section  solenoid  have 
been  carried  out.  The  full-scale  prototype  beam  line 
assembly  and  installation  is  nearing  completion.  Beam  is 
expected  to  be  tested  though  a  complete  cooling  line  in 
June,  2003. 
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BEAM  RECIRCULATION  EXPERIMENT 

The  recirculation  experiment  at  Fermilab  was 
performed  in  2001  -  2002  within  the  framework  of  the 
REC  project  with  a  system,  which  included  (see  Fig.  1)  an 
electrostatic  accelerator,  Pelletron,  and  a  short  beam  line 
(U-bend).  After  attainment  of  a  0.5-A,  DC  electron  beam 
at  the  kinetic  energy  of  3.5  MeV  in  December,  2001  [2], 
the  main  efforts  on  the  final  stage  of  the  experiment,  in 
May-November,  2002  were  devoted  to  improving  of  the 
beam  operational  stability. 

Estimations  made  for  the  future  electron  cooler  has 
shown  that  infrequent  short-duration  processes  in  the 
Pelletron,  like  beam  interruptions  or  discharges,  would 
not  deteriorate  the  performance  of  the  Recycler  ring.  A 
weak  interaction  (i.e.  cooling)  between  the  electron  and 
antiproton  beams  makes  heating  of  the  antiproton  beam 
during  electron  current  interruptions  negligible.  Long 
beam  lines  between  the  Pelletron  and  the  cooling  section 
preserves  the  high  vacuum  in  the  Recycler  ring  in  cases  of 
pressure  bursts  in  the  accelerating  tubes.  Therefore,  the 
figure  of  merit  for  electron  beam  stability  is  the  average 
duty  factor  of  the  electron  beam  operation. 

Several  processes  affected  the  duty  factor  in  the 
recirculation  experiment.  First,  a  stable  recirculation  of  a 
DC  beam  can  be  interrupted  by  sudden  jumps  in  current 
losses,  which  forces  the  protection  system  to  shut  the 
electron  gun  off.  Second,  full  acceleration  tube  discharges 
can  result  in  large  changes  of  the  residual  gas  pressure 
and  tube’s  high  voltage  stability.  Third,  the  full  discharges 
sometimes  result  in  a  cold  emission  from  the  gun  control 
electrode,  which  has  to  be  conditioned  away  before 
restoring  the  beam  recirculation.  These  issues  are 
described  in  detail  in  Ref.  [3].  The  cold  gun  emission  was 
nearly  completely  eliminated  by  a  proper  choice  of  the 
gun  electrode  materials. 

As  for  the  beam  interruptions  and  tube  discharges,  the 
system  behaved  differently  at  a  Pelletron  voltage  of 
3.5  MV  and  4.34  MV.  We  found  that  without  any  beam 
the  accelerating  gradient  can  be  as  high  as  16kV/cm 
(corresponding  to  5  MV),  with  the  dc  electron  beam  in 
excess  of  10  mA  the  stable  operating  gradient  drops  to  12 
kV/cm.  This  prompted  us  to  plan  an  upgrade  for  the 
Pelletron  from  5  to  6-MV  maximum  rating  by  extending 
the  acceleration  tube  length  by  20%.  This  upgrade  will  be 
implemented  when  the  Pelletron  is  moved  to  its  final 
location.  With  this  upgrade  the  accelerating  gradient  at 
the  design  voltage  of  4.34  MV  will  be  very  close  to  that 
of  the  present  machine  at  3.5  MV.  Table  1  shows  the 
achieved  results  for  two  voltages  -  4.34  and  3.5  MV. 
While  at  4.34  MV  we  were  able  to  demonstrate  the  design 
current  of  0.5  A,  the  stable  beam  operation  was  frequently 
interrupted  by  beam-induced  tube  discharges  (every  4 
minutes  or  so)  with  eventual  high-voltage  de-conditioning 
such  that  the  Pelletron  was  no  longer  capable  of  holding 
4.34  MV.  At  a  lower  3.5-MV  voltage  and  the  best  beam 
line  settings  we  did  not  see  any  full-tube  discharges,  while 
the  beam  interruptions  occurred  on  average  every  20 
minutes  (with  a  0.5-A  beam)  and  did  not  cause  any  de¬ 


conditioning  to  the  accelerating  tube.  Figure  2  shows  a  4- 
hour  run  with  a  0.5  A  beam  at  3,5  MV. 


Figure  2:  Pelletron  voltage,  ion  gauge  readings,  and  the 
beam  current  recorded  over  4  hours  of  running  at  3.5  MV, 
0.5  A.  An  interruption  in  the  first  hour  was  caused  by  a 
computer  glitch. 

In  all  beam  interruptions  the  Pelletron  voltage  drops  by  no 
more  than  200  kV.  This  prompts  the  con^uter  control 
system  to  shut  the  electron  gun  off.  The  Pelletron  voltage 
then  returns  to  its  nominal  value  in  several  seconds  and 
the  recirculation  at  the  nominal  current  is  restored  in  20 
seconds  by  the  control  system  without  any  operator 
interference.  Figure  3  shows  the  beam  recovery  process 
on  a  shorter  time  scale. 
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Figure  3:  Beam  recovery  after  an  interruption  of  a  1-A 
beam  recirculation.  The  electron  gun  was  operated  with  a 
40-kV  anode  voltage  (Ua  curve). 


Putting  aside  mechanical  and  electronics  failures,  at 
3.5  MeV,  0.5  A,  and  the  best  conditions,  only  short  beam 
interruptions  were  present,  and  the  duty  factor  was  better 
than  99%.  While  a  current  of  0.5  A  has  been  achieved  at 
the  energy  of  4.34  MeV,  multiple  interruptions  led  to  full 
discharges  and  loss  of  tube  conditioning.  The  necessity  to 
recondition  the  tubes  makes  such  a  regime  intolerable. 
The  level  of  the  beam  current  at  4.34  MeV,  at  which  the 
duty  factor  is  above  95%,  is  0.1  A  or  less. 
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FIELD  QUALITY  IN  THE  COOLING 
SECTION  SOLENOID 

The  cooling  section  solenoid  consists  of  ten  solenoid 
modules,  gaps  between  the  modules  and  magnetic  field 
correctors  [4].  The  transverse  field  in  the  cooling  section 
is  measured  by  a  dedicated  compass-based  magnetic 
sensor,  while  the  longitudinal  field  is  measured  by  a  Hall 
probe. 

For  successful  cooling  it  is  necessary  to  keep  the 
electron  beam  angles  (with  respect  to  the  anti-proton 
beam)  below  0.1  mrad  inside  the  cooling  section  (see 
Table  1).  This  requirement  in  turn  sets  several  restrictions 
on  the  magnetic  field  quality:  the  longitudinal  field  at  any 
point  in  the  cooling  section  shouldn’t  differ  too  much 
from  the  field  averaged  over  the  whole  cooling  section 
and  the  absolute  value  of  a  running  integral  of  the 
transverse  field  should  be  below  IG-cm  at  any  point 
inside  the  cooling  section  [4]. 

The  measured  transverse  field  of  an  un-corrected 
solenoid  does  not  satisfy  these  requirements.  Indeed,  the 
simulation  of  the  electron  motion  in  this  field  showed  that 
the  acquired  angles  are  as  large  as  5  mrad. 

To  improve  the  field  quality  an  algorithm  of 
compensation  was  suggested  [5].  Initially,  it  was  tested  in 
a  4-meter  prototype  of  the  cooling  section.  It  was  found 
that  the  algorithm  works  reliably  and  gives  a  field  of  the 
proper  quality. 

The  field  of  the  full-scale  18-m  long  cooling  section 
was  measured  and  served  as  an  input  for  the  algorithm. 
The  calculated  currents  of  the  transverse  correctors  were 
used  to  predict  the  compensated  field.  Figure  4  gives  the 
electron  trajectory  in  this  expected  field.  It  shows  that  the 
angle  of  an  electron  beam  is  below  the  threshold  value  in 
95%  of  the  cooling  section,  which  is  more  than  enough 
for  successful  cooling. 


Figure  4:  Simulation  of  electrons  motion  (electrons 
angle)  in  the  predicted  magnetic  field  (electron  enters  the 
solenoid  at  5mm  off  axis). 


A  more  careful  analysis  of  the  compensated  field  showed 
it  to  be  unsatisfactory  although  it  was  approximately  10 
times  better  than  the  initial  field  (see  Figure  5). 


Figure  5:  The  total  electron  angle  simulated  in  the  fields 
obtained  after  the  adjustments  of  field  correctors  (electron 
enters  the  solenoid  at  5mm  off  axis). 


Such  a  situation  is  related  to  a  problem  with  the  long¬ 
term  stability  of  the  measurement.  At  the  present  time 
significant  work  is  being  done  to  improve  the 
measurement  stability.  Repeated  adjustments  and 
measurements  are  planed  for  this  summer. 
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Abstract 

We  report  on  the  electromagnetic  and  thermal  analysis 
of  a  grid  window  structure  for  high  gradient,  low 
frequency  RF  cavities.  Windows  may  be  utilized  to  close 
the  beam  iris  and  increase  shunt  impedance  of  closed-cell 
RF  cavities.  This  work  complements  previous  work 
presented  for  windows  made  of  solid  beryllium  foil.  An 
electromagnetic  and  thermal  analysis  of  the  thin  wall 
tubes  in  a  grid  pattern  was  conducted  using  both  MAFIA4 
and  ANSYS  finite  element  analyses.  The  results  from 
both  codes  agreed  well  for  a  variety  of  grid  configurations 
and  spacing.  The  grid  configuration  where  the  crossing 
tubes  touched  was  found  to  have  acceptable  E-Fields  and 
H-Fields  performance.  The  thermal  profiles  for  the  grid 
will  also  be  shown  to  determine  a  viable  cooling  profile. 

1  INTRODUCTION 

It  was  postulated  that  windows  for  closed-cell  high 
gradient  RF  cavities  could  be  improved  by  using  a  grid  of 
thin  wall  round  tube  construction  to  replace  a  solid 
window.  Closing  the  beam  iris  increases  the  shunt 
impedance.  [1]  The  advantage  of  the  grid  over  a  window 
is  that  it  could  provide  similar,  or  better  performance  to 
the  beryllium  window  (Field  attenuation,  low  scattering 
mass  and  low  field  distortion)  but  at  a  lower  cost. 


Figure  1:  Va  symmetry  cutaway  of  201  MHz  RF  Cavity 
with  closed  irises  using  a  beryllium  window  and  a  grid 
window. 


**  This  work  was  supported  by  the  director.  Office  of  Science,  Office  of 
High  Energy  and  Nuclear  I^ysics,  Division  of  High  Energy,  U.S. 
Department  of  Energy  under  contract  DE-AC03-76SF00098. 


A  concern  is  that  even  with  relatively  low  heat  flux  the 
thin  wall  tube  is  insufficient  to  dissipate  the  heat.  The  tube 
radii  will  cause  local  heating  from  surface  field 
concentration  and  may  be  subject  to  thermal  distortion 
and  stresses.  Gaseous  helium  cooling  will  be  provided  to 
minimize  the  undesired  affects  from  the  heat  loads.  Using 
Finite  element  tools  such  as  MAFIA4  [2]  and  ANSYS  [3] 
several  grid  configurations  were  modelled  to  find  the 
optimum  geometry  for  heat  dissipation.  E-field 
attenuation  and  field  uniformity  in  the  cavity.  The 
analysis  showed  that  certain  grid  geometries  had 
electromagnetic  performance  similar  to  a  solid  beryllium 
window.  Using  MAFIA4  simulations  to  tests  these 
configurations,  the  15x15  tube  array  with  the  tubes 
touching  was  selected  as  a  viable  option.  This 
configuration  was  then  modelled  in  ANSYS  using  High 
Frequency  EMAG  elements  and  a  mesh  density  sufficient 
to  solve  for  the  grid  thermal  profile. 

2  DESCRIPTION  OF  A  GRID  WINDOW 

The  basic  non-touching  grid  window  is  shown  in  Fig.  2. 
It  consists  of  a  criss-cross  pattern  of  12.8  mm  (0.5  inch) 
diameter  thin-wall  tubes,  <0.25  mm  (0.010  inch),  either 
aluminium,  or  a  low  z  material.  The  tubes  will  be  brazed 
to  an  annular  ring  that  provides  both  structural  support 
and  the  cooling  gas  distribution  channels.  The  base  design 
for  the  grid  uses  a  15x15  tube  pattern.  The  parallel  tubes 
are  coplanar  with  a  centerline  spacing  of  25.4  mm.  The 
two  planes  of  parallel  tubes  are  oriented  orthogonal  to 
each  other  with  a  gap  sufficient  to  prevent  arcing  between 
tubes  and  terminate  the  field.  The  gap  shown  is  25  mm  on 
centers,  but  the  final  design  is  with  the  tubes  touching. 


Figure  2:  Layout  of  baseline  grid  window  Va  symmetry. 
Orthogonal  grid  tubes  are  spaced  apart  [units:  mm] 
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Several  configurations  of  grids  were  investigated.  As 
shown  in  Fig.  3,  case  1  is  a  15x15  array  of  orthogonal 
grids  not  touching,  case  2  is  the  same  with  the  tubes 
touching  and  case  3  is  a  lower  density  (4x4  array)  of 
larger  diameter  tubes.  Three  alternative  concepts  are 
shown  in  Fig.  4,  two  with  non-orthogonal  patterns  and  the 
third  is  a  15x15  fully  overlapped  tubes  array  on  a  single 
plane.  Analysis  had  low  field  penetration  for  the  fully 
overlapped  grid  configuration,  but  it  is  not  apparent  how 
to  build  it  using  conventional  (low  cost)  methods. 


Figure  3:  Gridded  windows  configurations  modelled  in 
MAFIA4.  Left  to  Right:  Case  1-15x15  grid  spaced. 

Case  2  -  15x15  grid  touching.  Case  3  -  4x4  grid  touching. 


Figure  4:  Other  gridded  windows  configurations  modelled 
in  MAnA4.  Left  to  Right:  Spider,  “L”  (HILAC),  15x15 
grid  fully  overlapped. 

3  RF  ANALYSIS 

The  grid  geometries  shown  above  were  evaluated  using 
MAFIA4,  a  finite-integration  code  that  simulates 
electromagnetic  fields.  The  models  were  1/8  cut  with  z 
and  y-symmetry.  Each  of  the  models  were  built  with  a 
closed  boundary  behind  the  grid  to  provide  an  anteroom 
to  model  the  amount  of  field  that  leaked  past  the  grids. 
The  field  in  the  anteroom  region  has  strong  coupling  to 
ffphi* 

The  MAFIA4  results  give  the  E-field  distortion  in  the 
main  cavity  body,  the  grid  region  and  the  anteroom 
region.  The  power  density  was  also  determined  for  the 
walls  and  grids.  MAFIA4  generates  a  diagonalized 
rectangular  mesh  and  cannot  represent  round  tubes 
precisely,  so  the  initial  evaluation  models  were  done  with 
square  tubes.  A  round  tube  model  was  tested  and  although 
it  was  modelled  with  fewer  mesh  points  it  gave 
electromagnetic  results  similar  to  the  square  tube 
simulations,  which  validate  the  square  tube  model. 

The  simulations  for  cases  1  to  3  demonstrated 
promising  performance  from  each  of  the  geometries.  Case 
1  shown  in  Fig.  5,  the  non-touching  grid  had  good  field 
quality,  but  had  some  field  leakage  past  the  grid.  Case  2 


shown  in  Fig.  6,  the  touching  grid  minimized  the  field 
leakage  and  had  good  field  quality.  An  indication  of  the 
magnitude  field  leakage  beyond  the  grid  is  given  in  results 
from  a  MAFIA4  solution  for  a  touching  round  tube  and 
was  2x10'^  along  Ez(0),  The  large  tube  lower  density 
geometry  given  in  case  3  also  had  promise  as  a  window 
with  good  attenuation  and  good  field  quality  in  the  cavity. 
A  non-touching  version  of  case  3  was  also  modelled,  but 
had  significant  field  penetration.  The  E  field  results  for 
the  non-orthogonal  configurations  given  in  Fig,  4  also 
showed  significant  field  penetration  past  the  grid. 

Anteroom 


Figure  5:  Ez  field  for  case  1  15x15  array,  grids  not 
touching.  Note  the  strong  field  past  the  grid  in  the 
“anteroom”  region. 


Figure  6:  Ez  field  for  case  2  -  15x15  array,  grids  touching. 
Excellent  attenuation  of  fields  past  grid,  excellent  field 
quality  near  grids  in  cavity. 


4  FE A  THERMAL  MODEL 

The  touching  grid  design  had  the  best  field  attenuation 
with  low  distortion  and  seemed  to  be  an  excellent 
candidate  for  a  window  structure.  A  thermal  model  was 
the  next  step  in  characterizing  its  temperature  profile. 

The  case  2  grid  window  was  modelled  using  ANSYS 
and  solved  for  both  electromagnetic  solutions  and  the 
temperature  profile,  Fig.  7.  This  technique  has  been  used 
previously  to  model  the  thermal  profile  of  the  solid 
beryllium  windows  under  RF  heating.  [4,5].  The  grid 
geometry  model  provided  some  unique  challenges  due  to 
the  mesh  density  required  to  model  the  grid  features. 
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Figure  7:  ANSYS  FEA  mesh  and  Heat  flux  results 


The  large  RF  tank  and  small  grid  tube  features  in  the 
touching  grid  had  a  wide  range  of  length  scales.  The  areas 
of  interest  regarding  the  grid,  such  as  the  tube 
intersections,  were  on  the  order  of  a  millimeter  while  the 
scale  of  the  cavity  itself  was  on  the  meter  scale.  The 
difference  in  length  scale  as  well  using  a  Vi  cut,  z- 
symmetry  cavity  model  required  large  regions  within  the 
cavity  and  grid  and  wall  regions  to  be  meshed  with  very 
small  elements  to  get  good  heat  flux  results.  Good  results 
that  matched  well  with  the  MAFIA4  solutions  were 
achieved  using  element  lengths  of  between  1  mm  to  1.5 
mm  at  the  grids,  which  is  about  a  10:1  ratio  to  the  tube 
diameter.  Fully  meshed  the  201  MHz  RF  cavity  model 
with  a  case  2  grid  had  over  1x10^  Degrees  of  Freedom.  To 
run  an  ANSYS  high  frequency  analysis  of  this  size 
required  more  computer  memory  than  the  -1.7  GB 
memory  limit  associated  with  ANSYS  using  32-bit 
processors.  This  model  was  run  successfully  using  a 
UNIX  based  computer  with  multiple  64-bit  processors,  4 
GB  ram,  10  GB  hard  disk  swap  and  the  ANSYS  default 
memory  model  and  multiple  processor  options  turned  on. 

5  THERMAL  ANALYSIS 

The  MAFIA4  solution  (Hf  =  <0.04  watts/cm^)  for 
power  density  on  the  cavity  walls  and  grids  shown  in  Fig. 
8  was  in  good  agreement  with  the  ANSYS  solutions  (Hf = 
0.03  watts/cm^). 


Figure  8:  Power  density  for  case  2  touching  tubes  using 

MAFIA4  Hf  =  <0.04  watts/cml 

Field  gradient:  16  MV/m  at  E2(0),  duty  factor  of  1.9x10'^ 

Using  ANSYS,  the  heat  flux  distribution  in  the  cavity 
and  grid  was  solved  for  an  average  power  of  10  kW.  The 
heat  flux  was  then  applied  to  a  thermal  model  to  solve  for 
the  thermal  profile  of  a  helium  gas  cooled  grid  The  model 


includes  the  water-cooling  of  the  RF  cavity  body  and  the 
helium  gas  cooling  of  the  grid  tubes.  Respectively,  the 
film  coefficients  used  for  cooling  were  15,000  watts/m^ 
and  250  watts/m^.  The  result  of  the  thermal  analysis 
shown  in  Fig.  9  gives  a  temperature  rise  in  the  tubes  to  be 
less  than  8®  C.  The  thermal  stress  and  deformation  will 
still  need  to  be  completed  to  determine  if  this  temperature 
rise  is  undesirable,  but  it  is  apparent  that  further 
refinements  to  the  model  to  match  actual  operation  could 
reduce  the  temperature  rise.  One  example  to  enhance  the 
model  would  be  to  include  the  active  cooling  provided  to 
the  grid  annular  support  ring  by  the  cooling  gas  supply 
channels. 


— — - 11— 

^  2  *  6  *  10 
Figure  9:  Temperature  CQ  profile  of  grid  using  ANSYS. 

6  CONCLUSION 

It  was  shown  that  a  touching  grid  geometry  would  be 
the  preferred  geometry  over  the  non-touching  in  a  high 
gradient  closed  cell  RF  cavity.  The  heat  flux  results  from 
both  MAFIA4  and  ANSYS  had  good  agreement. 
ANSYS  high  frequency  and  thermal  FEA  can  be  used 
for  developing  the  electromagnetic  model  and  thermal 
models  provided  an  adequate  mesh  density  is  applied. 
The  temperature  results  are  important  for  determining  if 
the  RF  heating  of  the  tubes  could  be  sufficiently  cooled 
using  a  gas.  Further  studies  will  examine  the  structural 
affect  of  non-uniform  heating  on  the  grid  tubes.  The 
development  of  a  cost  effective  grid  design  will  be 
facilitated  by  the  ability  to  model  the  geometries 
adequately. 
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Abstract 


The  optimal  values  of  Q  and  {uj  -  for  cooling  a  pure 
electron  plasma  with  a  microwave  bath  have  been  calcu¬ 
lated.  An  electron  plasma  which  has  no  internal  degree  of 
freedom,  cannot  be  cooled  down  below  a  heat  bath  temper¬ 
ature.  However,  the  longitudinal  cooling  can  be  achieved 
by  energy  transfer  from  the  poorly  cooled  parallel  degree 
of  freedom  to  the  well  cooled  (by  synchrotron  radiation) 
perpendicular  degree  of  freedom.  To  do  this,  we  introduce 
a  microwave  bath  to  the  electron  plasma.  A  microwave 
tuned  to  a  frequency  below  the  gyrofrequency  of  the  elec¬ 
tron  forces  an  electron  moving  towards  the  microwave  to 
absorb  a  photon  and  then  to  move  up  one  in  Landau  state. 
The  electron  loses  longitudinal  momentum  in  this  process, 
so  that  the  longitudinal  energy  can  be  reduced.  On  the  basis 
that  most  of  the  electrons  are  in  the  ground  or  first  excited 
state,  we  set  up  a  transition  equation  and  develop  a  FEM 
code.  With  an  appropriate  condition  for  B-field  and  inten¬ 
sity  of  the  microwave,  the  cooling  times  for  several  values 
of  Q  and  (u  —  Q,.)  are  calculated  and  the  optimal  values  are 
found.  Applying  the  optimal  values  at  appropriate  times  in 
a  cooling  process,  the  best  cooling  can  be  obtained.  For 
an  electron  plasma  magnetized  with  lOT  B-field,  cooling 
to  the  solid  state  can  occur  within  2  hours.  Without  this 
optimization,  times  were  always  several  hours,  longer  than 
the  life  time  of  the  plasma  in  real  system. 

INTRODUCTION 

The  concept  of  crystalline  non-neutral  plasma,  regarded 
as  a  new  state  of  matter,  has  been  studied  for  a  variety  of 
fundamental  and  applied  physics  areas,  including  the  study 
of  space-charge-dominated  beams,  the  study  of  Coulomb 
crystals,  the  realization  of  high  luminosity  ion  colliders, 
the  application  to  ultra-high  resolution  nuclear  experiments 
and  to  the  atomic  physics  research,  etc.  Crystallization  oc¬ 
curs  as  non-neutral  plasmas  and  beams  are  cooled  below 
the  transition  temperature.  In  fact,  as  seen  in  many  Pen¬ 
ning  trap  experiments,  the  non-neutral  plasmas  has  three 
different  phases:  fluid,  fee,  and  bcc[l].  The  Crystallization 
in  one  dimension  has  been  observed  in  the  beams  at  the 
Aarhus  accelerator [2],  in  agreement  with  calculations[3], 
and  crystallization  in  three  dimension  has  been  observed  in 
the  ion  Penning  trap  at  NIST[4]  and  in  dusty  plasmas[5]. 

In  high  energy  physics,  Penning  traps  and  antiparticle 
storage  rings  have  been  used  for  experimental  tests  of  the 
CPT  theorem,  which  predicts  equivalence  of  various  phys¬ 
ical  parameters  such  as  masses,  charge-to-mass  ratio,  mag- 
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netic  moments,  and  gyromagnetic  ratio  for  particles  and 
antiparticles.  Charged  particles  can  be  confined  perfectly 
in  an  ideal  cylindrically  symmetric  trap  with  a  uniform  ax¬ 
ial  magnetic  field,  which  is  the  basic  setup  of  the  Penning 
trap.  This  approach,  the  use  of  Penning  trap,  has  been  fa¬ 
vored  and  widely  used  because  the  particle  can  be  cooled 
down  to  a  temperature  of  the  order  of  tens  of  mK.  Pen¬ 
ning  traps  at  CERN  have  been  used  to  capture  antiparticles 
for  high-resolution  measurements  for  proton  mass  and  for 
mass  spectrometry  of  nuclei[6]. 

Recently,  laser  cooling  has  been  the  primary  approach 
towards  obtaining  such  ultra  cool  beams  and  plasmas.  A 
laser  that  is  tuned  to  a  frequency  below  the  resonant  fre¬ 
quency  of  the  ion  is  directed  at  the  ionic  plasma.  Ions  mov¬ 
ing  towards  the  laser  beams  see  an  upshifted  laser  beam, 
and  thus  can  absorb  the  light.  Subsequently  they  sponta¬ 
neously  emit  a  photon  isotropically.  Thus,  in  the  full  pro¬ 
cess,  they  lose  momentum  by  recoil.  This  leads  to  cooling. 
Such  a  method  naturally  works  only  for  ions,  not  electrons 
or  protons,  as  they  have  the  internal  resonances  needed  for 
narrow  absorption.  For  non-ionic  beams,  electron  cooling 
has  been  used,  but  such  cooling  has  not  produced  ultra  cool 
beams  [7]. 

For  this  reason  we  already  investigated  phase  transition 
of  strongly  magnetized  electron  plasmas  in  Penning  traps 
and  we  concluded  that  the  phase  transition  can  occur  on  the 
condition  that  longitudinal  temperature  is  below  a  certain 
value  irrespective  of  transverse  temperature.  Now  the  ques¬ 
tion  is  how  to  decrease  the  longitudinal  temperature  to  the 
critical  value.  As  one  of  the  possible  ways  we  suggest  a  mi¬ 
crowave  cooling  method.  Applying  a  tuned  microwave  into 
the  longitudinal  direction,  the  longitudinal  energy  can  be 
reduced  and  then  the  temperature  can  be  dropped  down  be¬ 
low  the  critical  value.  This  means  that  the  electron  plasma 
crystallization  can  be  achieved.  In  the  following  sections 
we  suggest  how  to  reduce  the  longitudinal  temperature  and 
the  result  is  shown. 

MICROWAVE  COOLING 

Two  Level  Equations 

In  the  low  transverse  temperature  limit,  the  longitudinal 
energy  can  be  reduced  by  the  microwave  radiation.  Ab¬ 
sorption  of  a  microwave  photon  in  Penning  trap  by  an  elec¬ 
tron,  thus  moving  it  up  one  in  Landau  state,  can  reduce  the 
parallel  energy,  just  as  laser  cooling  works  for  ionic  plasma 
and  equilibria.  Then  the  spontaneous  radiation  reduces  the 
transverse  energy,  so  that  the  transverse  state  move  back 
to  the  original  Landau  state  and  finally  the  transverse  tem¬ 
perature  is  the  same  to  the  heat  bath  temperature.  From 
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the  entire  process  only  the  longitudinal  temperature  can  be 
decreased. 

The  longitudinal  velocity  distributions  during  the  pro¬ 
cess  can  be  described  by  Master  equations.  With  an  as¬ 
sumption  that  most  of  particles  are  in  the  ground  or  first 
excited  state,  the  equations  are 


dfoju^) 

dt 


dfiju,) 

dt 


-fo{uz)W{U;„u^  +  hki\)]  (1) 

E  [/•(«. 

fcjj=±«0 
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where  fniPz)  is  the  distribution  of  transverse  quantum 
number  n.  The  spontaneous  and  the  stimulated  transition 
probabilities  are  defined  as 
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with  resonance  conditions. 
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Cooling  Condition  of  Nonneutral  Plasmas 

The  problem  we  should  consider  is  that  the  cooling  is 
very  effective  as  long  as  the  width  is  smaller  than  the  stan¬ 
dard  deviation  of  the  velocity  profile.  When  a  microwave 
with  a  frequency  ur  and  a  wave  number  propagates 
along  the  magnetic  field  in  the  plasma,  an  electron  with 
longitudinal  momentum  pz  along  the  magnetic  field  expe¬ 
riences,  because  of  the  usual  Doppler  effect,  a  shifted  fre¬ 
quency 


U}'  =  u}  +  ku^.  (10) 

"  m 

If  w'  coincides  with  the  electron  cyclotron  frequency  Q, 
then  the  resonant  absorption  of  the  wave  energy  by  elec¬ 
trons  will  take  place.  This  phenomenon  is  effective  in  the 
vicinity  of  the  resonance  frequency.  The  particles  near 
the  resonance  in  velocity  space  lose  their  momenta  so  that 
they  move  into  the  lower  velocity  space.  From  the  reso¬ 
nance  conditions  the  entire  particles  near  the  resonance  are 


shifted  into  the  lower  velocity  space.  Moreover,  if  the  res¬ 
onance  frequency  is  well-chosen,  then  the  particles  can  al¬ 
most  lose  their  momentum.  Thus  the  width  of  final  distri¬ 
bution  can  be  almost  the  same  as  the  width  of  microwave, 
which  means  that  the  lowest  temperature  of  particles  can 
be  determined  by  the  width  of  microwave.  This  gives  a 
condition  of  microwave  applied  to  the  particles.  The  initial 
width  of  microwave  should  be  less  than  the  standard  de¬ 
viation  of  initial  velocity  distribution[8].  The  condition  in 
mathematical  form 


—  < 
fc|l  m 


(11) 


where  Slj  =  7/2  is  the  width  of  microwave,  implies  that 
the  smaller  width  of  microwave  gives  the  lower  tempera¬ 
ture  of  final  distribution.  However  if  the  initial  width  of 
microwave  is  too  small,  the  number  of  particles  involved 
with  the  microwave  is  so  small  that  cooling  time  can  be  too 
long.  So,  in  order  to  find  the  fastest  way  to  cool  the  parti¬ 
cles  we  should  take  a  larger  width  initially.  In  that  case  the 
temperature  is  still  too  high  to  reach  the  critical  temperature 
at  which  Fn  «  170.  Then  it  is  necessary  to  take  a  smaller 
width  at  the  moment  to  continue  to  cool  the  electrons  down 
to  the  critical  temperature. 


RESULTS 

Taking  appropriate  conditions  about  the  initial  state,  the 
longitudinal  temperature  can  be  estimated  after  the  state 
reaches  an  equilibrium.  Our  system  is  supposed  to  be  im¬ 
mersed  in  a  liquid  helium  heat  bath,  so  that  the  initial  tem¬ 
peratures  (transverse  and  longitudinal  temperatures)  can  be 
4.2K,  the  temperature  of  liquid  helium.  We  apply  lOT  as  its 
magnetic  field,  0.7  x  10® /cm^  as  its  number  density  to  the 
plasma  in  the  trap,  and  at  least  10^  as  the  Q  factor  of  mi¬ 
crowave  cavity.  For  the  number  density  (0.7  x  10® /cm^), 
the  critical  temperature  which  gives  Fji  =  170  is  approxi¬ 
mately  14mK. 

In  order  to  find  the  best  way  to  cool  the  electron  plasma, 
we  have  applied  various  values  of  Q  and  Acj  (Ao;  =  0— a;) 
to  the  plasma.  For  the  set  of  (Q,Auj),  the  cooling  rates  and 
transverse  temperatures  are  calculated.  For  convenience  of 
calculation  we  take  the  Aa;  as 

Aw  =  Pl.  (12) 

With  the  aid  of  the  definition  the  cooling  rates  and  trans¬ 
verse  temperature  are  calculated  as  functions  of  two  vari¬ 
ables,  Q  and  P. 

The  cooling  rates  that  the  plasma  takes  as  long  as 
Eqs.  (1 1)  is  valid  are  calculated  for  various  values  of  Q,  P, 
and  the  microwave  intensity  la.  From  our  simulations,  the 
cooling  rates  are  maximized  at  Q  =  4.0  x  10"^  for  P  =  3.0, 
Q  =  5.0  X  10^  for  P  =  4.0,  and  Q  =  6.0  x  10^  for 
P  =  5.0.  In  table  1  the  cooling  rates  for  the  three  sets  of 
(P,  Q)  by  changing  the  intensity  la  die  shown. 

As  expected,  the  stronger  microwave  gives  the  faster 
cooling.  However,  the  transverse  temperature  becomes 
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Table  1:  The  cooling  times  (sec)  for  various  values  of  the 
microwave  intensity  Jcr  and  P. 


{P,Q/io^) 


Ia{x?iQ) 

(3.0,4,0) 

(4.0,5,0) 

(5.0,6.0) 

5.0 

13488.4 

21783.1 

33791.8 

10.0 

7881.5 

12028.4 

18037.0 

15.0 

6014.8 

8784.8 

12795.2 

20.0 

5082.0 

7167.1 

10179.3 

25.0 

4522.2 

6198.9 

8612.9 

50.0 

3400.5 

4273.1 

5496.8 

75.0 

3023.8 

3636.2 

4469.2 

100.0 

2833.8 

3318.8 

3959.9 

higher  as  the  microwave  becomes  stronger.  Then  the  num¬ 
ber  of  particles  in  the  second  excited  state  is  not  so  small 
that  our  two  level  assumption  will  not  be  valid  any  more. 
Therefore,  the  maximum  intensity  of  microwave  should  be 
determined  by  the  two  level  assumption.  For  lOT  as  its 
magnetic  field  strength,  the  maximum  intensities  are  2^hQ, 
for  (3.0,4.0)  as  (P,Q/10%  bOhn  for  (4.0, 5.0), and  75^^ 
for  (5.0, 6.0). 

With  the  best  values  of  P,  Q,  and  la  to  cool  the  plasma, 
however,  it  still  takes  too  long  to  have  the  critical  tempera¬ 
ture.  From  the  result  of  our  simulation  the  cooling  time  is 
almost  6  hours  for  any  of  three  cases.  The  time  is  unrealis¬ 
tic  in  experiments.  The  plasma  profile  in  Penning  trap  with 
the  high  magnetic  field  cannot  stand  for  the  long  time.  The 
reason  why  it  takes  too  long  is  explained  as  follows.  The 
plasma  is  cooled  so  rapidly  that  the  temperature  reaches 
the  value  at  which  breaks  Eqs.  (11),  and  then  the  cooling 
becomes  much  slower  because  the  high  peaked  central  fre¬ 
quency  of  applied  microwave  is  too  far  from  the  plasma 
profile.  The  real  intensity  of  microwave  to  apply  to  the 
plasma  is  too  weak  to  cool  it  as  rapidly  as  before  its  tem¬ 
perature  reaches  the  value. 

For  this  reason  we  take  the  other  way  to  cool  the  plasma 
more  rapidly.  At  the  moments  whenever  the  plasma  breaks 
the  Eqs.  (11),  we  change  the  central  frequency  and  mi¬ 
crowave  width  in  the  velocity  space.  This  can  be  achieved 
by  changing  P  and  Q.  As  done  initially,  the  best  sets  of  P, 
Q,  and  la  to  get  a  cold  plasma  rapidly  can  be  chosen  in  the 
same  way.  In  our  results  the  P  and  7cr  are  not  changed  dur¬ 
ing  the  whole  simulation,  but  the  Q  is  changed  at  the  mo¬ 
ments  whenever  the  plasma  breaks  the  condition.  The  best 
Qs  are  satisfied  that  x  Q  for  the  different  values  of 
Q  and  Tn  is  always  the  same  to  the  initial  at  the  moments. 
Applying  this  method,  we  calculate  the  cooling  times  for 
various  cases.  The  result  is  shown  in  table  1  where  the  ini¬ 
tial  Qs  are  picked  up  4.0  x  10^,  5.0  x  10^,  and  6.0  x  10^ 
for  their  Ps.  The  successive  Qs  are  determined  during  the 
simulations  by  the  condition  that  x  Q  is  the  same. 

In  Fig  1,  time  evolutions  are  shown  for  P  =  3.0,  Q  = 
4.0  X  10"^  and  la  =  2bhQ.  Also,  in  table  2  the  times  when 
the  Qs  are  determined. 

As  we  expected,  the  cooling  times  can  be  reduced  as 


Table  2:  The  times  when  Qs  should  be  changed  for  various 
values  of  the  microwave  intensity  la  and  P  =  3.0, 


P  =  3.0,70- =  25.0 


t  (sec) 

Q 

a 

^11 

T± 

0.0 

40000 

0.92999 

4.2 

4.2 

2539.5 

85129 

1.97910 

0.927294241 

10.167975 

3732.9 

181180 

4.21617 

0.204713972 

10.167198 

4293.1 

385614 

9.04924 

0.045192312 

10.163583 

much  as  we  wanted.  The  fastest  cooling  times  is  more  than 
1  hour  and  less  than  2  hours  which  is  very  realistic  in  Pen¬ 
ning  trap  experiments. 


Figure  1:  Time  evolution  of  the  longitudinal  temperature 
for  P  —  3.0  and  la  —  25^X7. 

DISCUSSION 

Applying  microwaves  into  the  longitudinal  direction,  the 
temperature  can  be  decreased  below  the  critical  tempera¬ 
ture  by  exchange  of  energy  between  two  degrees  of  free¬ 
doms.  With  the  condition  that  an  appropriate  low  tempera¬ 
ture  heat  bath  reduces  the  transverse  energy  of  the  plasma 
continuously,  the  electron  plasma  crystallization  can  be 
achieved  in  Penning  traps  in  2  hours. 
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Abstract 

The  high-power  S-band  feed  subsystem  and  the 
versatile  method  of  beamline  construction  have  been 
combined  to  provide  for  further  testing  of  a  unique  gun 
that  incorporates  three  cavities  and  requires  three  separate 
S-band  feeds.  Completed  in  December  2002,  this 
configuration  of  the  injector  test  stand  is  intended  to 
investigate  performance  of  the  ballistic  bunch 
compression  gun  [1].  If  this  gun  proves  to  be  desirable  for 
injection  at  the  APS,  then  the  ballistic  bunch  compression 
gun  together  with  the  S-band  feed  subsystem  and  portions 
of  the  beamline  will  be  relocated  in  the  APS  linac  tunnel. 

INTRODUCTION 

The  injector  test  stand  (ITS)  began  to  take  shape  shortly 
after  the  APS  commissioning  in  1996.  The  north  wall  of 
the  room  is  the  original  poured  concrete  wall  that  was 
once  a  part  of  the  linac  tunnel,  while  the  south  wall  is 
constructed  from  8"  x  8"  x  16"  density-enhanced  concrete 
shielding  blocks,  effectively  separating  the  116"  x  219" 
test  room  from  the  gim  end  of  the  linac  tunnel.  In  2001, 
the  test  stand  was  used  to  commission  the  third-generation 
thermionic-cathode  rf  guns  that  are  used  for  normal 
storage  ring  injection  at  the  APS  and  which  incorporate 
an  improved  cathode  design  [2].  The  commissioning  of 
these  two  guns  plus  a  third  unit  was  quickly  achieved  with 
little  difficulty  because  it  was  facilitated  by  first-phase 
design  features  built  into  the  ITS.  These  features  included 
quick-disconnect  magnets  and  power  supplies,  a  single  rf- 
port  waveguide  installation,  a  10'  by  44"  slab-style 
leveled  table  with  ample  room  for  diagnostics,  water¬ 
cooling  provisions  [3],  and  the  integration  of  the 
diagnostics  and  controls  into  the  EPICS-based  control 
system.  The  latter  ‘helps  ensure  that  the  “look  and  feel” 
and  response  of  the  ITS  control  system  is  similar  to  that 
of  the  rest  of  the  APS’  [4]. 

This  paper  discusses  the  second  phase  of  the  test  stand 
installation  involving  investigation  into  performance  of 
the  prototype  ballistic  bunch  compression  (BBC)  gun. 

NEW  BEAMLINE 

The  new  beamline  is  presented  in  Figure  1.  Shown  are 
the  BBC  gun,  the  modular  beamline  assembly,  the  laser 
port,  spectrometer/filter  line,  and  experimental  area, 
which  are  ftirther  described  in  [3].  Rebuilding  the 


*Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic 
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beamline  from  the  previous  ITS  configuration  involved 
reusing  a  majority  of  the  previous  phase  beamline 
components  aligned  only  to  a  different  lattice  and  the 
fabrication  of  two  new  breadboards.  The  use  of  these 
breadboards  and  the  versatile  method  of  beamline 
construction  led  to  quick  construction  of  the  new 
assembly  [5].  The  beamline  components  are  common 
linac  elements:  five  quadrupoles,  two  steering  correctors, 
one  gate  valve,  two  dipoles,  two  current  monitors,  two 
Faraday  cups  and  viewscreens,  and  four  20-1/s  ion  pumps 
(two  for  the  beamline  and  two  for  the  three-chambered 
BBC  gun).  Future  plans  include  installation  of  a  beam 
position  monitor  (BPM)  to  permit  the  testing  of  new  BPM 
electronics,  a  Golay-cell-based  bimch  length  monitor,  and 
a  pepperpot-based  emittance  measurement  system. 

The  incorporation  of  linear  bearing  rails  in  the  ITS 
simplifies  the  alignment  of  these  beamline  components. 
The  alignment  of  the  X  and  Y  axes  is  controlled  by  the  fit 
between  the  rail  and  the  moimt  that  interfaces  the 
beamline  component  to  the  rail,  whereby  the  rails 
themselves  have  been  installed  and  aligned  on  the 
breadboards  to  within  25  microns  (0.00 1")  of  nominal. 
The  beamline  component  assemblies  are  guided  in  the  Z 
axis  along  a  master  rail,  and  they  are  fixed  in  the  X  and  Y 
axes  to  a  degree  commensurate  with  the  manufacturing 
tolerance  of  the  machined  portion  of  the  mount  that  mates 
the  master  rail.  Upon  installation  to  the  rails,  shims  are 
sometimes  employed  between  the  mount  and  the 
beamline  component  to  correct  for  the  Y  alignment.  The 
more  critical  adjustments  to  achieve  lattice  are  in  the  Z 
axis,  where  optical  tooling  methods  are  employed.  The 
APS  Survey  and  Alignment  (S&A)  group  maintains  a 
permanent  tooling  bar  setup  capable  of  precise 
measurement  in  two  perpendicular  axes. 


Figure  1 :  New  beamline. 
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For  example,  one  constraint  was  that  the  distance  from 
dipole  1  to  breadboard  2,  quad  2  be  equal  to  the  distance 
from  quad  2  to  dipole  2.  This  was  achieved  to  three 
decimal  places,  noting  that  typically  alignment  tolerances 
of  ±0.001"  are  achieved  wife  fee  S&A  setup.  Placement 
of  other  components  was  not  as  critical.  The  rail  system 
has  saved  much  time  and  effort  in  alignment  of  test  stand 
components. 

THREE-PORT  FEED  WAVEGUIDE 

A  list  of  the  key  components  incorporated  into  the  feed 
subsystem  and  a  corresponding  block  schematic  diagram 
of  these  components  are  described  in  [6].  The  majority  of 
fee  waveguide  is  presstirized  to  32  psig  and  is  constructed 
of  oxygen-free  high-conductivity  copper,  WR-284-sized, 
extruded  rectangular  tubing.  This  is  furnace  brazed  to 
stainless  steel  flanges,  yielding  vacuum-grade  waveguide 
to  connect  fee  commercially  available  pressurized  key 
components.  This  system  uses  seven  commercially 
manufactured  pressurized  key  waveguide  components  to 
provide  isolated  rf  power  feeds  to  three  separate  ports  of 
fee  BBC  gun:  two  variable  power  dividers,  two  phase 
shifters,  and  three  circulators.  Three  circulators  have 
been  purchased  from  two  different  manufacturers,  while 
fee  variable  power  dividers  and  phase  shifters  have  been 
purchased  from  a  third  manufacturer. 

We  had  problems  during  installation  of  fee  variable 
power  dividers  and  phase  shifters.  In  1996  we 
encountered  similar  difficulties  when  installing  this 
manufacturer’s  6061-T6  aluminum  ribbed  waveguide. 
Upon  applying  torque  to  the  aluminum  flanges  during 
assembly  or  leak  checking,  the  flanges  became  stressed 
and  the  leak-tight  braze  joint  opened  via  a  mechanism  of 
micro-cracking  to  the  extent  that  SFe  pressure  could  not 
be  maintained.  During  the  ITS  installation,  the 
manufacturer  became  personally  involved  with  the  repair 
of  sub-components  for  the  phase  shifters  and  variable 
power  dividers,  such  as  panty-adapters.  This  cooperative 
exercise  between  the  manufacturer  and  the  APS  produced 
a  successful  installation  and  uncovered  many  factors  and 
observations. 

1)  The  manufacturer  indicated  feat  the  aluminum  dip- 
brazed  WR-284  waveguide’s  0.2"  nominal  wall 
construction  is  approaching  a  pressure  limit  at  45  psig,  not 
wife  regard  to  safety  but  with  regard  to  seal  integrity  of 
fee  joint.  2)  The  integrity  of  the  joint  sometimes  relies  on 
a  micro-seal  variety  epoxy;  this  is  pulled  under  vacuum 
during  the  repair  process  into  microcracks  of  the  braze 
joint.  3)  The  manufacturer  cautions  that  a  rotational  and 
gradual  application  of  torque  to  the  flange  bolts  during 
installation  is  easiest  on  the  fragile  nature  of  the  braze 
joint.  4)  The  application  of  pressure  testing  at  the  APS  to 
monitor  the  integrity  of  the  dip-brazed  joints  proved  to  be 
very  valuable.  5)  At  fee  APS,  pressurization  with  argon 
gas  both  with  and  without  water  immersion  was  employed 
to  investigate  the  time  degradation  of  pressure  over 
several  days.  6)  The  pressure  used  during  testing  should 
be  representative  of  fee  maximum  value  used  in  service; 


for  the  APS  pressurized  waveguide  and  switching  system 
this  is  35  psig.  7)  This  investigation  should  be  begun  as 
early  as  possible  in  preparation  for  installation.  8) 
Professional  and  persistent  communication  between  the 
QA  representative  and  the  manufacturer  may  be  needed  to 
secure  repaired  subassemblies  qualified  for  installation. 

The  isometric  view  in  Figure  2  depicts  the  three  WR- 
284-size  windows  that  separate  the  pressurized  system 
from  three  short  legs  of  the  WR-284  waveguide  under 
vacuum.  The  elevation  view  in  Figure  2  shows  these  three 
vacuum  legs  directed  to  the  BBC  gun. 


Figure  2:  Waveguide  isometric  and  elevation  view. 

LIMITED  VOLUME  IN  ROOM 

The  three-port  feed  subsystem  in  the  injector  test  room 
is  fed  by  the  pressurized  waveguide  switching  system,  as 
described  in  [7].  Figure  3  shows  how  the  WR-284 
waveguide  feeds  from  the  linac  tunnel  through  a 
penetration  in  the  south  wall  of  fee  test  room  to  WR-284 
switch  no,  6.  This  is  the  reference  point  from  which  the 
three-port  feed  and  the  previous  ITS  waveguide 
configuration  were  constructed. 

Ceiling-mounted  fluorescent  lights  were  relocated  to 
fee  south  wall,  and  a  unistrut  grid  was  installed  on  the 
ceiling  and  north  wall  to  support  the  waveguide  layout. 
This  schematic  called  for  three  separate  loops,  as  shown 
in  Figure  2,  and  the  layout  resulted  in  the  following  linear 
lengths:  the  loop  from  switch  6  to  the  BBC  gun  center 
port  measures  23  feet,  the  loop  from  switch  6  to  fee 
cathode  port  of  fee  BBC  gun  measures  46  feet,  and  the 
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loop  from  switch  6  to  the  forward  port  of  the  BBC  gun 
measures  45  feet.  Many  alternate  layouts  were 
considered. 

The  three-layer  proposal  described  in  [5]  placed  all  of 
the  waveguide  against  the  ceiling.  Considering  the  overall 
loop  lengths  of  that  denser  layout,  crowding  the  key 
components  offered  no  clear  advantage  regarding  the 
impact  of  waveguide  length  on  overall  return  loss.  Even 
in  that  more  compact  layout,  the  loop  lengths  were 
calculated  to  be  23  feet,  36  feet,  and  33  feet. 

CURRENT  STATUS 

The  waveguide  layout  now  installed  in  the  test  room 
maximizes  access  to  key  components  for  the  purpose  of 
serviceability.  Figures  2  and  3  illustrate  how  efficient 
planning  has  optimized  aisle  passages,  making  the 
injection  test  area  a  more  practical  area  in  which  to  work. 

Commissioning  has  begun  on  the  BBC  gun;  first  beam 
was  achieved  on  11  March  2003.  Efforts  are  presently 
focused  on  high-power  conditioning  and  improving  the 
beam  performance  of  the  gun. 
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Abstract 

A  new  RF  photocathode  electron  gun  and  beamline 
have  been  built  for  the  study  of  electron  beam  driven 
Wakefield  acceleration.  The  one  and  a  half  cell  L-band 
gun  operates  with  an  electric  field  on  the  cathode  surface 
of  80  MV/m,  and  generates  electron  bunches  with  tens  of 
nanocoulombs  of  charge  and  rms  bunch  lengths  of  a  few 
picoseconds.  The  beam  diagnostics  include  a  Cherenkov 
radiator  and  streak-camera  for  bunch  length 
measurements,  YAG  screens  for  beam  profile,  integrating 
charge  transformers  (ICTs)  for  bunch  charge,  an  energy 
spectrometer,  and  a  pepper-pot  plate  for  measurement  of 
the  transverse  emittance.  Measurements  of  the  beam 
properties  at  various  bunch  charges  are  presented. 

INTRODUCTION 

The  Argonne  Wakefield  Accelerator  (AW A)  has  been 
successfully  used  for  conducting  wakefield  experiments 
in  dielectric  loaded  structures  [1]  and  plasmas  [2]. 
Although  the  initial  wakefield  experiments  were 
successful,  higher  drive  beam  quality  would  substantially 
improve  the  wakefield  accelerating  gradients.  For  this 
reason  we  have  built  a  new  L-band  photocathode  RF  gun 
[3].  This  gun  will  generate  high  charge  bunch  trains 
which  will  be  used  in  high  gradient  wakefield  acceleration 
experiments  and  other  high  intensity  electron  beam 
applications. 

FACILITY  UPGRADE 

The  new  AWA  photocathode  RF  gun  produces  high 
charge  electron  bunches  with  shorter  bunch  length  and 
lower  emittance,  in  comparison  with  the  previous  AWA 
drive  gun  [4].  The  new  AWA  laser  system  also  presents 
superior  performance  in  terms  of  beam  profile,  energy  per 
pidse  and  stability. 

New  Electron  Gun  and  Beamline 

The  new  one  and  a  half  cell  RF  gun  operates  with  a 
focusing  solenoid  and  a  bucking  solenoid  to  cancel  the 
magnetic  field  on  the  plane  of  the  cathode.  These  two 
solenoids  are  exactly  next  to  each  other,  with  the 
photocathode  plane  as  their  plane  of  symmetry.  A  third 
solenoid  is  located  at  the  exit  of  the  gun.  There  is  a 
vacuum  pumping  port  in  the  full  cell,  located 
diametrically  opposite  to  the  RF  coupler,  both  being  at  the 
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equator  line  of  the  full  cell.  The  initial  photocathode 
consisted  of  a  small  disc  of  copper  inserted  through  an 
opening  on  the  back  wall  of  the  half  cell.  Recently,  the 
photocathode  material  was  replaced  by  a  magnesium  disc, 
which  has  a  higher  quantum  efficiency.  The  cathode 
holder  can  also  function  as  a  tuning  plunger,  allowing  us, 
in  conjunction  with  the  gun  temperature,  to  adjust  the 
parameters  of  the  two  cells,  in  order  to  achieve  the  right 
resonance  frequency  for  the  n  mode  and  field  balance  in 
the  cavity. 

The  measured  value  of  the  unloaded  quality  factor  (Qo) 
of  the  gun  is  20300.  The  gun  cavity  is  somewhat 
overcoupled  (Su  =  -10  dB),  but  the  installation  of  a 
tuning  post  in  the  waveguide  will  improve  the  coupling. 
The  new  gun  has  been  conditioned  up  to  13  MW  of 
power,  with  a  corresponding  accelerating  gradient  on  the 
cathode  surface  of  80  MV/nx 

The  beamline  (Fig.  1)  has  an  ICT  for  measurement  of 
bunch  charge  at  the  exit  of  the  gun,  and  another  one 
downstream  of  the  future  wakefield  structures  to  diagnose 
possible  beam  scraping.  The  beamline  includes  several 
insertable  YAG  screens  for  observation  of  the  beam 
profile,  a  pepper-pot  plate  for  measurement  of  the 
transverse  emittance,  and  a  quartz  plate  as  a  Cherenkov 
radiator  for  bunch  length  measurement  in  conjunction 
with  a  streak  camera.  A  quadrupole  triplet  and  an  energy 
spectrometer  are  also  installed  in  the  beamline. 

New  Laser  System 

The  new  laser  system  consists  of  a  Spectra  Physics 
Tsunami  oscillator  followed  by  a  Spitfire  regenerative 
amplifier  and  two  Ti:Sapphire  amplifiers  (TSA  50).  It 
produces  1.5  mJ  pulses  at  248  nm,  with  a  pulse  length  of 
6  to  8  ps  FWHM  and  a  repetition  rate  of  up  to  10  pps.  A 
final  KrF  Excimer  amplifier  is  optionally  used  to  increase 
the  energy  per  pulse  to  14  mJ. 

BEAM  MEASUREMENTS 

Measurements  of  beam  parameters  are  presented  in  this 
section.  Some  of  the  parameters  are  plotted  as  a  function 
of  the  accelerating  gradient  on  the  cathode.  This  number 
was  calculated  from  the  value  of  the  input  RF  power  into 
the  gun,  using  the  measured  value  of  the  Qo  of  the  cavity. 
In  the  near  future  a  field  probe  will  be  installed  in  the  gun 
cavity  allowing  for  a  more  direct  measurement  of  the  field 
intensity. 
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Figure  1:  Schematic  and  picture  of  the  new  AWA  beamline. 


Dark  Current 

A  Faraday-cup  consisting  of  a  ceramic  DC  break  and  an 
aluminum  block  was  installed  in  the  beam  line  for  the 
measurement  of  dark  current.  An  RC  circuit  with  a  time 
constant  of  5  seconds  connected  to  the  Faraday-cup 
allowed  an  ammeter  to  measure  the  average  dark  current 
when  the  machine  was  operating  at  a  rate  of  five  pulses 
per  second.  Figure  2  shows  a  plot  of  the  charge  collected 
by  the  Faraday-cup  per  RF  pulse  as  a  function  of  the 
accelerating  gradient  on  the  cathode  surface.  We  observe 
the  expected  rapid  increase  of  dark  current  as  the 
accelerating  gradient  in  the  gun  is  increased. 

Bunch  Charge 

Using  an  ICT  (Bergoz  ICT- 178-070-20:1),  we  have 
measured  the  bunch  charge  as  a  function  of  the  laser  pulse 
energy  (Fig.  3a)  and  also  as  a  function  of  the  injection 
phase  at  the  gun  (Fig.  3b).  The  quantum  efficiency  of  the 

magnesium  cathode  (presently  about  1x10“^)  will 
improve  when  we  implement  the  procedure  for  the  laser 
cleaning  of  the  cathode  surface  [5].  At  the  highest  laser 
beam  energies  there  is  clear  indication  of  space  charge 
effects  on  the  cathode,  preventing  the  extracted  charge 
from  reaching  much  beyond  100  nC  (Fig.  3a). 
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Figure  2:  Dark  current  measurement.  Average  charge 
collected  by  the  Faraday-cup  during  one  RF  pulse  (about 
6  jLis  long),  as  a  function  of  the  accelerating  gradient  on 
the  cathode  surface. 

Beam  Energy 

The  spectrometer  at  the  end  of  the  beamline  was  used  to 
measure  the  energy  of  the  electron  beam.  Figure  4  shows 
a  plot  of  the  beam  energy  as  a  function  of  the  accelerating 
gradient  on  the  cathode  surface.  This  is  in  good  agreement 
with  numerical  simulations  (PARMELA)  [6]. 
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Figure  3:  Measured  bunch  charge:  (a)  as  a  function  of  the 
laser  pulse  energy;  (b)  as  a  function  of  the  injection  phase. 
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Figure  4:  Electron  Beam  energy  as  a  function  of  the 
accelerating  gradient  on  the  cathode  surface. 

Bunch  Length 

A  1.5  mm  thick  quartz  plate  was  used  as  a  Cherenkov 
radiator  for  bunch  length  measurements  with  a 
Hamamatsu  C1587  streak  camera.  Initial  measurements 
showed  bunch  lengths  spanning  from  about  13  to  17  ps 
FWHM,  for  bunch  charges  up  to  70  nC. 


Transverse  Emittance 

A  tungsten  pepper-pot  plate  was  used  for  transverse 
emittance  measurements.  The  plate  was  0.5  mm  thick 
with  0.2  mm  diameter  holes  spaced  by  5.6  mm  in  a  cross 
pattern.  The  profiles  of  the  resulting  beamlets  are 
analyzed  on  a  YAG  screen.  Preliminary  data  indicate  a 
normalized  emittance  of  40  mm-mrad  for  20  nC  bunches, 

IMMEDIATE  NEXT  STEPS 

The  splitting  of  the  laser  pulses  into  pulse  trains,  and 
the  subsequent  generation  of  electron  bunch  trains  will  be 
inplemented  right  away. 

A  dielectric  loaded  wakefield  structure  has  been  built 
and  will  be  installed  in  the  new  beamline  very  shortly.  It 
will  allow  us  to  test  the  high  power  handling  capability  of 
the  dielectric  material. 

CONCLUSION 

The  initial  measurements  of  the  beam  parameters 
indicate  good  agreement  with  the  design  values,  and 
confirm  the  tremendous  improvement  that  the  new  AWA 
drive  beam  represents  in  comparison  with  the  old  drive 
beam.  Some  of  the  beam  diagnostics  will  be  further 
refined,  allowing  for  more  precise  beam  characterization 
and  optimization  of  the  operating  parameters.  The  present 
magnesium  photocathode  will  soon  be  replaced  by  a  high 
quantum  efficiency  cesium  telluiide  cathode,  enabling  the 
generation  of  long  high  charge  bunch  trains  (16  or  more 
bunches  of  40  nC).  A  one  meter  long  linac  structure  will 
be  added  to  the  beamline  to  increase  the  beam  energy  to 
about  18  MeV,  lowering  the  physical  emittance  of  the 
beam  and  facilitating  studies  of  higher  gradient  wakefield 
structures. 
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Abstract 

The  Advanced  Photon  Source  (APS)  ballistic  bunch 
compression  (BBC)  gun  was  designed  as  a  prototype 
injector  to  explore  the  technique  of  chift-space 
compression  of  a  high-brightness  beam  [1].  It  is 
constructed  from  three  independently  powered  S-band  rf 
cells,  one  cathode  half-cell,  and  two  full  cells,  and  is 
designed  to  operate  with  both  thermionic  cathodes  and 
photocathodes;  this  flexibility  allows  the  gun  to  be 
operated  in  modes  other  than  for  ballistic  compression. 

In  particular,  appropriate  choices  of  rf  power  and  phase 
can  be  used  to  reduce  the  energy  spread  of  the  beam 
produced  by  the  gun.  With  a  thermionic  cathode, 
simulations  indicate  that  a  1%  FWFM  energy  spread  can 
contain  at  least  90%  of  the  emitted  beam  charge.  This 
operating  mode  demonstrates  many  of  the  capabilities 
required  for  ballistic  bunch  compression,  but  allows 
verification  of  the  basic  gun  performance  via  a  much 
easier  measurement.  Also,  such  a  beam  is  of  interest  as  a 
source  for  other  experiments,  e.g.,  low-cost,  compact, 
free-electron  lasers. 

INTRODUCTION 

The  APS  ballistic  bunch  compression  (BBC)  gun  was 
built  to  demonstrate  the  principle  of  ballistic  compression 
for  high-brightness  beams.  This  is  accomplished  by 
placing  a  positive  chirp  on  the  electron  beam  as  it  transits 
the  gun,  thereby  inducing  the  beam  to  self-compress  in 
the  drift  space  between  the  gun  and  a  capture  linac 
section.  An  analogy  would  be  the  operation  of  a  highly 
relativistic  klystron  with  no  output  coupler. 

To  allow  full  exploration  of  the  parameter  space,  the  rf 
field  gradient  and  phase  is  independently  adjustable  in 
each  cell  of  the  gun.  This  allows  the  gun  to  be  readily 
operated  in  modes  other  than  ballistic  compression. 

The  BBC  gun  was  designed  to  operate  with  either  a 
thermionic  cathode  or  a  photocathode  [2].  The  thermionic 
cathode  offers  the  advantages  of  simplicity,  robustness, 
and  high  average  beam  currents.  Disadvantages  typically 
include  beams  with  large  energy  spreads  and  lower  per- 
bunch  charge  than  is  possible  with  a  photocathode.  The 
remainder  of  this  paper  assumes  a  thermionic  cathode. 

When  operating  with  a  thermionic  cathode,  the  energy- 
compression  mode  is  of  particular  interest.  The  BBC  gun 
can  generate  a  beam  with  most  of  the  beam  in  a  very 
narrow  relative  energy  spread,  making  the  gun  more 
efficient  as  a  driver  for  devices  such  as  compact,  far- 
infrared  free-electron  lasers.  Also,  as  the  performance  of 
the  gun  in  this  mode  is  easily  measured  with  a  simple 
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electron  spectrometer,  it  provides  a  ready  check  of  the 
operation  of  the  gun. 

PRINCIPLES  OF  OPERATION 

Beams  from  thermionic-cathode  rf  guns  typically  suffer 
the  disadvantage  of  very  large  energy  spreads  [3],  Even 
given  that  charge  is  concentrated  at  the  head  of  the  bunch, 
typically  no  more  than  10  -  20%  of  the  beam  charge  is 
within  a  1%  FWFM  energy  spread.  Figure  1  shows  the 
simulated  momentum  spectrum  of  the  BBC  gun  running 
in  7i-mode,  thereby  mimicking  the  operation  of  a 
conventional  thermionic  -cathode  rf  gun. 


Figure  1:  Momentum  spectrum  of  BBC  gun  operating  in 
7C-mode.  Bin  widths  are  1%  of  the  maximum  momentum. 

A  somewhat  greater  fraction  of  the  bunch  charge  can  be 
moved  into  the  uppermost  1%  of  beam  energy  by 
increasing  the  gradient  in  the  gun,  specifically  the  cathode 
cell.  This  is  not  an  especially  desirable  mode  of  operation 
for  several  reasons,  including  the  possibility  of  gun 
damage  and  the  requirement  for  running  at  relatively  high 
beam  energies. 

The  ballistic  compression  gun  offers  an  alternative 
mode  of  operation.  By  appropriate  selection  of  the 
gradient  and  phase  in  the  full  cells,  a  much  greater  amount 
of  the  beam  charge  can  be  compressed  into  the  uppermost 
1%  beam  energy.  This  method  has  been  proposed  before 
[4]  but  not  yet  physically  demonstrated. 

One-Dimensional  Model  System 

The  model  system  for  energy  compression  consists  of  a 
thermionic-cathode  source  in  a  cathode  cell,  followed  by 
fiill  cells.  The  length  of  the  full  cells  is  taken  to  be  V2  of 
the  free-space  wavelength  corresponding  to  the  resonant 
frequency  of  the  gun-in  other  words,  a  typical  gun  design. 
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To  a  reasonable  approximation,  the  energy  of  the  beam 
as  a  function  of  the  time  it  exits  the  cathode  cell  can  be 
represented  by  a  quadratic  equation,  i,e., 

=  a  +  +  ,  (1) 

where  Po(t)  is  the  normalized  momentum  (py)  as  a 
fiinction  of  time;  t  extends  over  a  range  of  typically 
-20/+40  ps;  and  a,  b,  and  d  are  constants  depending  on 
the  particular  gun  in  question.  For  the  BBC  gun  with  a 
typical  gradient  of  50  MV/m  in  the  cathode  cell,  a  = 
L529,  b  =  -1.68-10^®  sec^  and  d  =  -5.95-10^^  seel 
The  beam  is,  at  the  exit  of  the  cathode  cell,  not  fully 
relativistic  and  has  a  large  velocity  spread  as  well  as  a 
large  energy  spread.  Treating  the  full  cells  as  true  pillbox 
cavities  and  ignoring  the  change  in  particle  velocity  while 
within  the  cell,  the  normalized  momentum  at  the  end  of 
the  n^  full  cell  can  be  approximated  as 

Pn(ti)  =  P„-l(ti) 


where  ti  is  the  time  the  i*  particle  leaves  the  cathode  cell, 
APn  is  the  maximum  momentum  gain  through  the  n*  full 
cell  for  a  relativistic  particle,  co  is  the  angular  frequency  of 
the  cavity,  and  (])n  is  the  phase  of  the  field  in  the  n*^  cavity. 
Finally,  a  weighting  function  p(ti)  can  be  defined  as  the 
normalized  longitudinal  charge  density  at  the  exit  of  the 
cathode  cell.  This  explicitly  takes  into  account  the 
bunching  that  naturally  occurs  in  the  cathode  cell  of  most 
rf  guns;  in  effect,  it  places  more  emphasis  upon  the  head 
of  the  bunch. 

Figure  2  shows  the  momentum  at  the  exit  of  the  cathode 
and  full  cells  as  a  function  of  cathode  cell  exit  time 
relative  to  a  reference  particle,  generated  using  Eqs.  (1) 
and  (2).  For  this  plot,  0)=  271-2856  MHz,  APj  =  1.9, 
AP2  =  3.0,  (t)i  =  230  deg,  and  ([>2  =  135  deg.  The  weighting 
function  p(ti)  is  shown  in  Figure  3  and  was  derived  from  a 
simulation  of  the  beam  at  the  exit  of  the  BBC  gun  cathode 
cell.  In  this  calculation,  46%  of  the  beam  was  within  1% 
of  the  maximum  beam  momentum. 


Figure  2:  Momentum  spectra  at  the  exit  of  the  cathode 
cell  (“X”),  first  full  cell  (“+”),  and  second  full  cell  (“□”)• 


Cathode  cell  exit  time  [ps] 

Figure  3:  Normalized  longitudinal  beam  density  at  the 
exit  of  the  cathode  cell.  The  exit  time  is  relative  to  the 
PARMELA  reference  particle  exit  time. 

THREE-DIMENSIONAL  SIMULATION 

The  computer  code  PARMELA  [5]  was  used  to 
simulate  the  energy-compression  process  using  the  actual 
BBC  gun  field  profiles,  assuming  a  3-mm-radius 
thermionic  cathode  and  small  bunch  charge  (e.g.,  the 
built-in  space-charge  routines  were  not  used). 

A  downhill  simplex  optimizer  was  used  to 
automatically  vary  the  phase  and  field  gradient  in  the  full 
cells;  the  number  of  beam  particles  within  1%  of  the  peak 
beam  energy  served  as  the  figure-of-merit  for  the 
optimization  process. 

The  optimized  beam  momentum  spectrum  is  shown  in 
Figure  4.  Approximately  96%  of  the  particles  are  within 
1%  of  the  maximum  momentum,  and  the  great  majority  of 
the  beam  is  within  the  top  3%.  (Compare  this  result  to 
Figure  1,  the  same  gun  running  in  a  71-mode,)  Figure  5 
shows  the  longitudinal  phase  space  at  the  exit  of  the  BBC 
gun  for  7i-mode  and  ballistic  compression  as  well  as 
energy  compression  settings. 


Figure  4:  Momentum  spectrum  of  the  BBC  gun  operating 
in  energy-compression  mode.  Bin  widths  are  1%  of  the 
maximum  momentum. 
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Figure  5:  Longitudinal  phase  space  for  various  operating 
modes.  7i-mode  is  Curve  1,  ballistic  compression  is  Curve 
2,  and  energy  compression  is  Curve  3. 


The  maximum  beam  energy  in  the  simulation  is 
somewhat  lower  than  for  the  7i-mode;  this  is  an  expected 
result,  as  one  can  think  of  the  gradient  in  the  full  cells 
being  used  more  to  rotate  the  longitudinal  phase  space 
than  to  raise  its  mean  value.  The  simulation’s  much  better 
result,  as  compared  to  the  analytic  expression,  is  due  to 
several  factors.  First,  there  are  fewer  approximations 
made  in  terms  of  the  particle  transport  through  the  full 
cells.  Second,  the  simulation  is  a  3-d  calculation,  and 
particles  with  very  low  beam  energies  tend  to  be  lost  on 
walls  or  cell  nosecones.  This  has  the  result  of 
automatically  winnowing  some  low-energy  particles  from 
the  beam  before  they  can  exit  the  gun  and  be  included  in 
the  analysis.  If  the  lost  particles  are  also  counted,  the 
result  is  in  better  agreement  with  the  analytic  calculation. 

The  calculated  transverse  normalized  emittance  for  this 
simulated  beam,  excluding  particles  outside  of  a  1% 
FWFM  energy  window  and  including  only  particles 
which  exit  the  gun,  was  35  pm.  While  not  a  spectacular 
emittance,  in  itself  this  would  be  a  suitable  beam  for 
devices  with  modest  emittance  requirements,  such  as  far- 
infrared  free-electron  lasers  [6].  If  the  beam  is  divided 
longitudinally  into  10-ps-long  slices,  the  leading  three 
slices-all  consisting  of  particles  within  a  1%  FWFM 
momentum  spread-contain  66%  of  the  beam  and  have  an 
average  emittance  of  about  1 .5  pm.  The  emittance  grows 
towards  the  tail  of  the  beam,  where  the  particle  density 
becomes  much  lower  and  the  energy  spread  begins  to 
increase. 


low  energy  spread  from  a  thermionic  cathode.  Operating 
in  such  a  mode  will  verify  the  basic  beam  dynamics  of  the 
gun  via  an  easily  measured  quantity,  the  fraction  of  the 
beam  charge  within  a  small  energy  spread.  This  will 
prove  to  be  an  important  step  towards  operation  of  the 
gun  in  the  ballistic-compression  mode. 

The  projected  emittance  of  the  low-energy-spread  beam 
as  a  whole  indicates  that  the  gun  should  be  suitable  as  the 
sole-source  driver  for  devices  such  as  far-infrared  free- 
electron  lasers,  which  often  have  modest  beam  quality  and 
energy  requirements.  The  slice  emittance  at  the  head  of 
the  beam  is  considerably  better  than  the  projected  whole- 
beam  emittance. 
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RESULTS  AND  DISCUSSION 

Both  the  one-dimensional  analytic  approximation  and 
the  three-dimensional  simulation  demonstrate  that  the 
APS  ballistic  compression  rf  gun  can  operate  in  an 
energy-compression  mode,  generating  a  beam  with  very 
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Abstract 

The  Advanced  Photon  Source  (APS)  has  constructed  an 
injector  test  stand  (ITS)  for  high-brightness  electron  beam 
research.  The  test  stand  includes  three  rf  ports  with  inde¬ 
pendent  phase  and  power  control,  beamline  supports  de¬ 
signed  for  rapid  reconfiguration,  and  a  control  and  diag¬ 
nostics  system  based  on  the  design  of  the  APS  linac.  The 
beamline  design  features  a  high-resolution  electron  spec¬ 
trometer  that  includes  provision  for  operation  as  a  disper¬ 
sion-free  dogleg,  and  a  rapidly  reconfigurable  gun-to- 
spectrometer  transport  line.  Picosecond  and  nanosecond 
photocathode  drive  lasers  are  available;  the  room  shield¬ 
ing  is  also  adequate  for  the  high  average  beam  powers 
typically  produced  by  thermionic-cathode  rf  guns. 

The  initially  installed  gun  is  a  ballistic-compression 
gun,  which  requires  all  three  rf  ports  to  be  connected  to 
the  gun.  Plans  include  the  installation  of  a  higher-order 
mode  photoinjector,  requiring  one  rf  connection;  this  will 
free  the  other  ports  to  provide  power  to  a  small  TW  linac 
section  and  deflector  cavity  for  bunch-length  measure¬ 
ments.  The  test  stand  is  also  capable  of  being  used  as  an 
operator  training  facility,  and  serves  as  a  validation  facil¬ 
ity  and  test  bed  for  the  APS  main  injector  rf  guns. 

INTRODUCTION 

Rf  electron  guns,  in  various  forms,  are  key  elements  of 
many  current  and  projected  accelerators.  Typically,  rf 
guns  are  split  into  two  distinct  categories:  those  using 
thermionic  cathodes  to  generate  electrons  and  those  using 
photocathodes.  The  choice  of  cathode  and  other  design 
features  such  as  the  number  of  cavities  in  the  gun,  cavity 
coupling  schemes,  and  cavity  interior  geometry,  is  heavily 
influenced  by  the  task  the  gun  is  designed  to  address. 

Photocathode  rf  guns  use  an  external  drive  laser  to 
cause  electrons  to  be  emitted  from  the  photocathode.  This 
type  of  gun  is  generally  selected  for  tasks  requiring  high¬ 
brightness  beams,  single-bunch  or  widely-spaced  bunch 
operation,  and  relatively  high  charge  per  bunch.  Al¬ 
though  there  are  exceptions,  these  guns  are  typically  used 
for  experimental  purposes,  as  distinguished  from  “opera¬ 
tional”  systems;  this  is  often  due  to  the  maintenance  is¬ 
sues  frequently  associated  with  the  drive  laser  and  photo¬ 
cathode. 

Thermionic-cathode  rf  guns  use  a  heater  to  generate 
thermal  electron  emission  from  the  cathode  surface.  This 
type  of  gun  produces  beam  as  long  as  rf  is  applied  to  the 
cavity,  and  can  generate  very  high  average  beam  currents. 
This  is  usually  the  gun  type  of  choice  when  high-charge, 
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single-bunch  operation  is  not  important,  and  when  beams 
of  only  moderate  transverse  brightness  are  required.  Due 
to  their  high  reliability  and  simplicity  of  operation,  they 
are  often  chosen  for  “operational”  roles  such  as  beam 
sources  for  electron  storage  rings;  this  type  of  gun  has 
also  been  used  for  long-wavelength  free-electron  laser 
experiments. 

The  APS  presently  has  installed  two  thermionic- 
cathode  guns  to  serve  as  sources  for  filling  the  storage 
ring  and  one  photocathode  gun  to  serve  as  the  beam 
source  for  a  single-pass  PEL  experiment  and  nascent  user 
program.  Thus,  we  have  a  need  for  an  injector  test  and 
repair  facility  that  can  accommodate  both  types  of  injec¬ 
tors  in  use  at  the  APS.  In  addition,  the  APS  injector  test 
stand  is  intended  to  facilitate  the  testing  of  new  injector 
designs,  to  provide  for  an  operational  test  bed  for  new 
diagnostics  or  hardware  intended  for  installation  in  the 
APS  injector  complex,  and  to  act  as  a  training  facility  for 
accelerator  operators  when  the  storage  ring  is  running  in 
top-up  mode. 

PRESENT  CONFIGURATION 

The  APS  ITS  is  effectively  an  independent  accelerator 
enclosure  from  the  rest  of  the  APS,  in  terms  of  personnel 
access  and  beam  permit.  Rf  power  can  be  delivered  to  the 
room  as  long  as  the  APS  linac  rf  system  is  enabled. 

A  ballistic  bunch  compression  (BBC)  rf  gun  is  pres¬ 
ently  installed  in  the  ITS.  This  gun  generated  first  beam, 
using  a  thermionic  cathode,  on  11  March  2003.  The  rf 
power  feed  system  provides  independently  phased  high- 
power  rf  to  the  three  independent  ports  on  the  BBC  gun 
and  is  more  fully  described  in  [1].  The  waveguide  net¬ 
work  was  specifically  designed  for  the  BBC  gun,  but  can 
also  be  used  to  power  up  to  three  independent  rf  elements, 
e.g.,  a  gun,  small  linac  section,  and  transverse  deflection 
cavity. 

The  beamline,  shown  in  Figure  1 ,  includes  a  branch  line 
that  can  be  operated  as  either  a  dispersion-controlled  dog¬ 
leg  or  a  spectrometer  with  a  dispersion  of  0.5  m.  The 
beamline  downstream  of  the  second  dogleg  dipole  is  in¬ 
tended  for  use  as  a  low-energy  experimental  area.  Diag¬ 
nostics  include  current  monitor  toroids,  Faraday  cup  / 
viewscreen  monitors,  a  dipole  field  Hall  probe,  and  en¬ 
ergy  slits  in  the  dispersive  beamline.  These  are  commis¬ 
sioning  diagnostics  and  are  appropriate  for  an  exploration 
of  the  BBC  gun  operation  in  energy-compression  mode 
[2].  Other  diagnostics,  for  example  an  emittance- 
measurement  pepperpot  screen  or  a  Golay  cell-based 
bunch  length  monitor,  will  be  installed  as  required  by  the 
experimental  program. 

The  picosecond  drive  laser  for  the  APS  photoinjector  is 
located  adjacent  to  the  ITS  enclosure.  The  optical  trans- 
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Modular  Beamline  Laser  Port 


Figure  1 :  Present  layout  of  the  APS  injector  test  stand;  the  waveguide  network 
is  omitted  for  clarity. 


port  path  to  the  ITS  was  removed  to  facilitate  the 
waveguide  installation,  but  will  be  restored  shortly.  In 
addition,  a  nanosecond  drive  laser  has  been  purchased  and 
will  shortly  be  installed  in  the  ITS.  An  optical  switchyard 
will  allow  either  laser  to  be  used  with  an  installed  gun. 

All  of  the  quadrupole  and  corrector  power  supplies  are 
on  quick-disconnect  assemblies.  This  allows  the  beam¬ 
line  to  be  rapidly  reconfigured  or  a  malfunctioning  mag¬ 
net  or  power  supply  to  be  replaced.  The  rail  support  sys¬ 
tem  is  modular  also;  more  details  can  be  found  in  [3]. 
The  entire  beamline  is  built  on  a  standard  Im  x  3m  optical 
table,  allowing  the  rapid  addition  of  either  beamline  or 
diagnostic  elements. 

Finally,  the  ITS  control  system  uses  the  same  architec¬ 
ture  as  the  rest  of  the  APS.  This  not  only  allows  the  ready 
use  of  the  entire  APS  data  acquisition  and  control  toolkit, 
but  also  allows  the  room  to  be  used  for  prototyping  new 
hardware  and  software  before  general  deployment 
throughout  the  APS. 

A  more  thorough  discussion  of  the  development  history 
of  the  ITS  and  the  methods  and  techniques  used  in  its 
construction  may  be  found  in  [4]. 

INITIAL  OPERATION 

The  BBC  gun  generated  its  first  beam  on  11  March 
2003,  following  conditioning  of  the  waveguide  network 
into  high-power  loads.  The  initial  operation  revealed 
some  interesting  and  unexpected  behaviors  of  the  gun,  not 
surprising  in  a  brand-new  gun;  subsequent  efforts  have 
been  focused  on  improving  the  performance  of  the  gun 
and  waveguide  network. 


FUTURE  PLANS 

Short-  and  Mid-Term 

In  the  immediate  future,  the  ex¬ 
perimental  program  will  focus  on  four 
topics:  ballistic  bunch  compression, 
energy  compression,  operation  of  the 
long-pulse  drive  laser  as  an  injector 
gate,  and  DC/rf  photoinjector  studies 

[5] . 

In  the  ballistic  bimch  compression 
process,  the  longitudinal  phase  space 
of  a  moderate-energy  electron  beam  is 
prepared  such  that  the  beam  will  self¬ 
compress  in  the  field-free  drift  region 
between  the  exit  of  the  beam  source 
and  the  entrance  of  a  linear  accelerator 

[6] .  As  the  compression  is  accom¬ 
plished  without  magnetic  elements, 
the  beam  is  not  subject  to  effects  such 
as  coherent  synchrotron  radiation  [7]. 
The  APS  BBC  gun  will  permit  the 

exploration  of  the  ballistic  compression  process  with  both 
thermionic  and  photocathodes. 

Thermionic-cathode  rf  guns  can  serve  as  the  sole  accel¬ 
erators  for  such  devices  as  compact,  far-infrared  free- 
electron  lasers  [8].  The  large  energy  spread  produced  by 
typical  guns  of  this  type,  however,  requires  the  use  of  an 
energy  filter  and  results  in  much  of  the  beam  charge  being 
discarded.  By  suitable  manipulation  of  the  longitudinal 
phase  space,  however,  the  energy  spread  can  be  dramati¬ 
cally  reduced  [2].  This  has  the  effects  of  simplifying  the 
beamline  design  as  well  as  improving  overall  efficiency. 
The  APS  BBC  gun  is  suitable  for  exploring  this  concept 
also. 

One  future  requirement  for  the  APS  injector  complex  is 
the  ability  of  the  linac  to  generate  shorter  bunch  trains  at 
higher  total  charge  levels,  in  support  of  enhanced  top-up 
operation,  and  to  reduce  the  requirement  for  a  low-energy 
damping  /  accumulator  ring.  The  use  of  a  nanosecond  Q- 
switched  drive  laser  offers  a  promising  method  of  gating 
the  beam  from  a  thermionic-cathode  rf  gun.  The  APS 
BBC  gun,  operating  in  a  Tt-mode,  can  mimic  the  operation 
of  the  main  injector  rf  guns.  This  will  allow  a  thorough 
exploration  and  characterization  of  this  technique  before 
installation  in  the  linac  tunnel.  This  is  not  a  physics  ex¬ 
periment  per  se,  rather,  it  is  leveraging  the  use  of  the  ITS 
as  a  benefit  to  APS  operations  in  general. 

Future  Topics  and  Possibilities 

Longer-term  plans  include  the  addition  of  a  1.6-m, 
SLAC-type,  traveling-wave  pdristent-gradient  linac  sec¬ 
tion;  fabrication  and  testing  of  a  higher-order-mode 
photoinjector;  photocathode  research;  ^  :  a^^  emittance 
evolution  studies.  Also,  the  ITS  will  serve  as  a  develop¬ 
ment  platform  for  long-wavelength  radiation  production, 
characterization,  and  use  as  a  measurement  tool.  Depend¬ 
ing  on  the  desired  mode  of  operation,  this  may  use  an 
energy-compressed  beam  to  drive  a  compact  free-electron 


2039 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


laser  or  a  time-compressed  beam  to  generate  a  broadband 
pulse  via  a  wiggler  or  dipole. 

The  ITS  will  also  start  to  function  as  an  operator  train¬ 
ing  facility  on  a  more  regular  basis,  as  well  as  providing  a 
means  of  testing  new  components  with  beam.  These 
tasks,  while  not  specifically  experimental  in  nature,  will 
provide  a  needed  service  to  the  operation  of  the  APS  and 
will  help  to  involve  more  of  the  APS  Operations  staff  in 
injector  research  and  development. 

Finally,  proposed  changes  in  the  APS  storage  ring  injec¬ 
tor  complex  will  require  a  significant  redesign  of  the  linac 
electron  gun  region.  The  ITS  will  allow  the  prototyping 
and  characterization  of  proposed  changes  in  a  timely  fash¬ 
ion,  with  no  risk  to  the  operation  of  the  APS  linac. 

CONCLUSIONS  AND  SUMMARY 

The  Advanced  Photon  Source  injector  test  stand  is  cur¬ 
rently  undergoing  commissioning.  The  initial  series  of 
experiments  will  capitalize  on  the  ITS  to  study  topics  re¬ 
lating  to  APS  performance  enhancement  as  well  as  fun¬ 
damental  injector  physics.  Future  upgrades,  including  the 
addition  of  a  capture  linac  section,  will  significantly  in¬ 
crease  the  range  of  capabilities  of  the  ITS.  Finally,  the 
ITS  will  also  provide  service  as  a  training  facility  for  APS 
accelerator  operators  and  as  a  means  for  increasing  the 
involvement  of  Operations  staff  in  ongoing  accelerator 
physics  research  projects. 
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ULTRASHORT  ELECTRON  BUNCHES  WITH  LOW  LONGITUDINAL 
EMITTANCE  IN  MULTI-CELL  SUPERCONDUCTING  RE  GUNS 

V.N.Volkov,  Budker  Institute  of  Nuclear  Physics,  Russia 


Abstract 

Ultra  short  bunches  with  low  longitudinal  emittance 
obtained  using  multi-cell  superconducting  RF  gun  having 
a  longitudinally  shorted  first  cell  (down  to  0.15  lambda) 
with  a  divergence  of  an  accelerating  RF  field  pattern  near 
the  photocathode  are  discussed.  The  optimised  RF  gun 
parameters  and  bunch  characteristics  computed  by 
PARMELA  are  presented.  Such  10  MeV  ultra  short 
electron  bunches  with  low  longitudinal  emittance 
compatible  for  additional  longitudinal  compression 
scheme  having  RF  buncher  cavity  and  drift  space  or 
magnetic  chicane  downstream  of  them  [1], 

This  work  was  financially  supported  by  Forschungs 
Zentrum  of  Rossendorf. 


the  cathode  producing  RF  electric  field  pattern  with  two 
different  operations:  a)  to  produce  a  bunch  with  small 
transversal  emittance;  b)  to  produce  ultra  short  bunch 
with  small  longitudinal  emittance. 


INTRODUCTION 

Recently  we  have  found  out  an  unique  opportunity  of 
superconducting  multi-cell  RF  guns  shown  in  figure  1  to 
produce  electron  bunches  with  very  small  transversal 
emittance  [2,  3].  This  relies  on  transversal  focusing 
configuration  of  RF  electric  field  pattern  constructed  near 
the  photocathode  by  spherical  surface  of  the  cathode  stem 
tip  and  displacements  of  it  into  the  back  wall  of  first  cell 
as  shown  in  figure  2a. 

There  is  still  other  unique  ability  of  such  RF  guns  to 
produce  ultra  short  electron  bunches  with  very  small 
longitudinal  emittance.  This  relies  on  inverse  of  the  first 
configuration  of  a  field  with  defocusing  or  divergence  of 
RF  electric  field  pattern  near  the  cathode  (as  shown  in 
figure  2b)  and  significantly  shorted  length  of  the  first  cell. 


Figure  1.  The  geometry  of  superconducting  RF  gun 
cavity  for  producing  of  ultra  short  bunches  with  small 
longitudinal  emittance  or  bunches  with  small  transversal 
emittance. 


BASIC 

The  effect  of  bunch  compression  in  a  multi-cell 
superconducting  RF  gun  was  described  in  [4].  A  short 
electron  bunch  injected  from  laser  driven  photocathode  is 
being  accelerated  by  the  electric  field  in  the  first  cell  and 
then  enters  to  the  second  cell.  The  RF  field  in  the  second 
cell  at  that  instant  has  a  negative  strength  and  change  the 
sign  later  because  of  very  short  accelerating  gap  of  first 
cell.  Therefore  the  bunch  at  the  beginning  of  the  second 
cell  decelerates  and  then  accelerates  again  in  the  second 
cell  and  then  only  accelerates  in  the  other  cells.  The  head 
of  the  bunch  enters  to  the  second  cell  earlier  when 
strength  of  electric  RF  field  is  more  negative.  Therefore 
the  bunch  head  accelerates  less  than  the  tail  and  exposes 
to  longer  delay.  I.e.  compressing  effect  lies  on  phase- 
dependent  delay  of  particles.  The  electron  bunches  in  this 
compression  method  obtain  a  very  low  energy  spread  and 
low  longitudinal  emittance. 

We  have  to  note  the  phase-dependent  delay  play  an 
important  role  to  obtain  the  low  longitudinal  emittance  of 
a  bunch  also.  The  particles  launched  from  centre  of  the 
cathode  enter  to  the  second  cell  earlier  than  those 
launched  from  periphery  of  the  cathode  because  of 
divergence  of  RF  electric  field  pattern  (defocusing)  near 
the  cathode.  Therefore  the  periphery  trajectories  of  the 
particles  are  directed  under  some  angle  to  the  axis  and 
have  therefore  more  length.  The  periphery  particles  have 
obtained  more  energy  in  second  cell  but  the  central 
particles  have  obtained  more  energy  in  the  other  cells 
because  the  RF  electric  field  is  greater  at  the  axis  (more 
strongly  it  occurs  in  a  beam  pipe  of  a  final  cell).  As  a 
result  all  the  particles  from  centre  and  periphery  obtained 
the  same  accelerating  energy  downstream  of  the  cavity. 
This  fact  is  the  cause  of  low  longitudinal  emittance  of 
bunches. 
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SIMULATIONS 

Incoming  data 

The  energy  gain  in  3.3*  RF  gun  cavity  is  25  MV/m.  The 
laser  pulse  length  (FWHM)  is  3  ps.  Laser  time  intensity 
was  modeled  by  a  Gaussian  distribution.  We  have  found 
the  minimal  value  of  bunch  length  at  a  distance  of  400 
mm  from  exit  of  the  cavity.  Bunch  charge:  1  pC,  10  pC 
and  100  pC.  The  RF  field  in  RF  gun  cavity  has  calculated 
by  SuperLANS  cod.  Bunch  dynamic  has  computed  by  o 
PARMELA  for  10000  particles.  Sb 

'S 

Optimizing  of  the  launch  RF  phase  and  the  laser  | 
spot  size  to  minimize  bunch  length 

The  spline  interpolated  results  for  bunch  length  with 
charge  of  1,  10, 100  pC  are  shown  in  figures  3, 4  and  5. 


(Jmin— 8.4  Hm  0fmax=3 1  .Slim 


0.6  0.8  1.0  1.2 


Spot  size,  mm 

Figure  3.  The  bunch  length  as  dependence  of  launch  RF 
phase  and  laser  spot  size  for  bunch  charge  of  1  pC  (spline 
interpolated  data).  The  optimal  RF  phase  is  38.288"  and 
optimal  spot  size  is  0.734393  mm.  The  minimal  bunch 
length  is  Oli  =  8.3952  pm. 

ou  [Tim]  =  8.395  +  17.483798  *50^  +8.4371  -Scpinj^- 
“  9.292102  -SD-Scpinj 
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Figure  4.  The  bunch  length  as  dependence  of  launch  RF 
phase  and  laser  spot  size  for  bunch  charge  of  10  pC 
(spline  interpolated  data).  The  optimal  RF  phase  is 

» 

The  whole  part  of  this  numerical  designation  displays  an  amount  of 
complete  (unit)  cells  in  RF  gun  cavity,  and  fractional  (.3)  testifies  that 
length  of  the  first  short  cell  makes  30  %  from  complete  length. 


36.448°  and  optimal  spot  size  is  1.35  mm.  The  minimal 
bunch  length  is  olio  =  15.013  pm. 

fJLio  hm]  =  15.013  +  37.928679  -80^  +7.449166  -etpinj^ 
-14.319715  -SD-Stpinj 

(yniin=24.4  |im  Qniax=85.6  pm 


3.0  3.2  3.4  3.6 


Spot  size,  mm 
Figure  5.  The  bunch  length  as  dependence  of  launch  RF 
phase  and  laser  spot  size  for  bunch  charge  of  1  pC  (spline 
interpolated  data).  The  optimal  RF  phase  is  33.281"  and 
optimal  spot  size  is  3.251  mm.  The  minimal  bunch  length 
is  Olioo  =  24.373  pm. 

ctlioo  [Tim]  =  24.37+  109.2551  -SD^  +21.173782  - 

-12.26148 

The  minimal  bunch  length  and  optimal  injection  phase 
and  optimal  laser  spot  size  for  three  different  bunches  are 
shown  in  table  2. 


Table  2.  The  minimal  bunch  length  and  optimal  pair  of 
launch  phase  and  laser  spot  size. _ 


Bunch  charge,  pC 

1 

10 

100 

Launch  phase,  deg. 

38.28 

36.44 

33.28 

Laser  spot  size,  mm 

0.734 

1.350 

3.250 

8.39 

15.01 

24.37 

Dynamic  results 

In  the  table  3  bunch  characteristics  computed  by 
PARMELA  are  shown. 


Table  3.  The  bunch  dynamics  characteristics. 


Charge,  pC 

1 

10 

100 

Bunch  rms  length,  pm 

8.39 

15.01 

24.37 

Bunch  energy,  MeV 

6.16 

6.13 

6.12 

Energy  spread,  % 

0.225 

0.207 

0.36 

Longitudinal  rms 
emittance,  KeV*mm 

0.11 

0.189 

0.54 

Trans V.  norm,  emittance 
(rms),  mm-mrad 

0.184 

0.644 

6.51 
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Minimum  of  longitudinal  emittance 

There  are  a  minimum  of  bunch  longitudinal  emittance  at 
other  optimal  pairs  of  injection  phase  and  laser  spot  size 
shown  in  table  4.  But  this  pair  is  close  to  the  previous 
one. 


Table  4.  The  minimal  bunch  longitudinal  emittance  at 
optimal  pair  of  launch  phase  and  laser  spot  size. _ 


Q.PC 

1 

10 

100 

eiilKeVmm] 

0.105 

0.16 

0.364 

39.25“ 

34.25“ 

32.23“ 

1  Dodl  mm  1 

0.6 

1.6 

2.82 
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GENERATION  OF  SUB-PICOSECOND  ELECTRON  BUNCHES  IN 
SUPERCONDUCTING  RE  PHOTOCATHODE  INJECTOR 

V.N.  Volkov,  Budker  Institute  of  Nuclear  Physics,  Russia 


Abstract 

A  multi-cell  superconducting  photocathode  laser  driven 
RF  gun  having  a  longitudinally  shorted  first  cell  (the 
length  of  the  first  cell  is  0.15  lambda  instead  of  0.25 
lambda)  can  generate  shorted  electron  bunches  with  very 
low  longitudinal  emittance  [1].  These  bunches  could  be 
considerably  longitudinally  compressed  by  additional 
compressing  scheme  having  a  buncher  cavity  and  drift 
space  after  them  or  four  dipole  achromatic  chicane  placed 
just  after  the  buncher  cavity.  The  first  scheme  with  drift 
space  is  longer  on  two  meters  but  has  appreciably  better 
effectiveness  to  compress  a  bunch.  The  buncher  is 
composed  from  3900  MHz  multi-cell  TESLA  like  cavity. 
Chicane  has  a  modernised  geometry  to  compensate 
transversal  emittance  dilution  of  a  bunch.  Bunch  dynamic 
calculations  in  two  such  compressing  schemes  (optimized 
at  10  MeV  of  bunch  energy)  show  that  a  bunch  rms  length 
down  to  7  micrometers  (0.02  picoseconds,  the  laser  pulse 
FWHM  duration  is  2.5  picoseconds)  with  a  peak  current 
of  1500  A  can  be  reached.  The  optimised  characteristics 
of  two  compressing  schemes  with  two  different  RF 
injectors  (with  3.3  and  5.3  cells)  are  presented. 

This  work  was  financially  supported  by  Forschungs 
Zentrum  of  Rossendorf 

INTRODUCTION 

Development  of  a  simple  and  reliable  source  of  short 
electron  bunches  is  an  essential  problem.  Short  electron 
bunches  of  a  sub-picosecond  length  may  be  used  in  free 
electron  lasers  for  obtaining  the  light  spontaneous 
radiation  with  very  short  wave  length  (from  crystalline 
undulator  for  example)  and  high  radiation  power  because 
of  CW  operation  of  superconducting  RF  injector. 

There  are  very  important  for  longitudinal  compressing 
initially  to  have  a  short  electron  bunches  with  low 
longitudinal  emittance.  Such  bunches  may  be  obtained  in 
multi-cell  superconducting  RF  gun  having  a  very  short 
first  cell  with  convex  photocathode  attractive  on  itself 
electric  field  pattern.  The  phase-dependent  delay  in  such 
RF  gun  plays  an  establishing  role  in  forming  short 
bunches  with  low  longitudinal  emittance  [1, 2]. 

Two  compressing  scheme  having  TESLA  like  buncher 
multi-cell  superconducting  cavity  with  3900  MHz 
frequency  are  used  in  dynamic  calculations:  first  -  with 
drift  space  up  to  distance  of  5  meters  from  the  cathode, 
and  four  dipole  achromatic  chicane  placed  just  after  the 
buncher  cavity  -  second  one. 

Though  the  first  scheme  with  drift  space  is  much  easier 
and  more  cheaply,  and  besides  is  more  effective  than 
second  one  (it  gives  7  microsecond  bunch  length  instead 
of  9),  however  second  one  was  optimized  with  all 


carefulness,  as  in  a  sequence  of  time  it  was  first  and,  as 
then  it  seemed,  unique.  Therefore  it  seems  it  is  useful  to 
show  these  calculations  too. 

SUPERCONDUCTING  RF  GUN 

To  perform  the  simulations  we  used  two  different 
variants  of  RF  gun  —  with  3.3  and  5.3  cells  [1]  shown  in 
figure  1  and  2.  The  energy  gain  is:  25  MeV/m  with  6.14 
Mev  of  bunch  energy  in  first  variant  and  20  MeV/m  and 
9.77  MeV  in  second  one.  Electron  beam  downstream  RF 
gun  has  a  divergence  of  0.8  and  0.6  mrad/mm 
correspondingly.  Both  variants  have  given  approximately 
identical  results  of  bunch  characteristics  downstream  of 
the  drift  space  (see  table  3). 

3.3  cell  KPgon,  1300  MHz».  Mdticellbiiiidiei;. 


Eacc  =  25  KfeV/m^  3900  MHz, . 

Ebimdi  =  6.14  MeV  V  =  10  MeV^ 


Figure  1:  The  variant  of  first  compressing  scheme  having  a 
higher  accelerating  gradient  Eacc  of  3,3  cell  RF  gun  and 
buncher  with  acceleration  of  bunch  energy  up  to  9.74 
MeV. 


5.3  ceQRFgon,  1300  MHz,.  Molticdlbiiiidi^^ 
Eacc=:20MeV/a4-  3900MHz,. 

Ebondi  =  9.77  MeV  V  =  1 1  MeV,. 


Figure  2:  The  variant  of  first  compressing  scheme  having 
a  lower  accelerating  gradient  Eacc  of  5.3  cell  RF  gun  and 
unaccelerating  buncher  (V  -  cavity  RF  acc,  voltage). 

BUNCHER 

The  buncher  in  these  compressing  schemes  plays  a 
double  role.  The  basic  one  is  increase  of  an  energy  spread 
of  a  linear  bunch  energy  distribution  (energy  of  particles 
linearly  increases  lengthways  on  the  bunch  from  its  head 

* 

The  whole  part  of  this  numerical  designation  displays  an  amount  of 
complete  (unit)  cells  in  RF  gun  cavity,  and  fractional  (.3)  testifies  that 
length  of  the  first  short  cell  makes  30  %  from  complete  length. 
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to  a  tail).  To  reduce  the  drift  space  length,  it  is  necessary 
to  increase  the  energy  spread  at  the  expense  of  increase  of 
cavity  voltage.  Other  important  role  of  buncher  cavity  is 
to  compensate  divergence  of  electron  beam  so  that  all 
trajectories  of  particles  downstream  of  the  cavity  were 
parallel  to  an  axis.  There  is  transverse  focusing  action  in 
the  multi-cell  cavity,  and  to  the  compensation  of 
divergence  of  0.6  or  0.8  mrad/mm  of  incoming  electron 
beam  about  10  MV  cavity  RF  voltages  is  required. 

To  perform  the  simulations  we  used  the  geometry  of 
TESLA  1300  MHz  cavity  scaled  as  3:1  for  the  buncher 
3900  MHz  cavity.  The  number  of  cells  in  such  cavity  can 
be  more  than  9  to  reduce  RF  field  amplitude  in  the  cavity 
because  RF  power  almost  is  not  transmitted  in  a  beam. 
The  dynamic  calculations  with  number  of  cells  9,  1 1  and 
13  have  shown  the  same  results.  Peak  RF  electric  field  at 
the  axis  of  the  cavity  with  9,  11,  13  cells  are 
correspondingly  55, 45,  38  MV/na. 

Our  choice  of  3900  MHz  was  essentially  motivated  by 
the  fact  that  at  lower  frequency  the  intensity  of  transverse 
focusing  effect  will  be  higher  therefore  cavity  voltage  will 
less  to  compensate  beam  divergence,  and  drift  space 
length  will  become  inadmissible  large. 

RESULTS 

To  obtain  the  shortest  electron  bunch  in  compressing 
scheme  the  effect  of  following  parameters  to  this  length 
was  studied:  laser  spot  size,  launch  RF  phase  (or  laser 
jitter),  laser  pulse  duration,  RF  voltage  and  RF  phase  of 
buncher  cavity.  In  figure  3  the  example  of  optimization  of 
together  laser  spot  size  and  launch  RF  phase  for  scheme 
of  figure  2  is  shown.  Dynamic  calculations  launched  16 
times  for  4  different  values  of  each  parameter,  and  then 
spline  interpolation  of  the  results  is  made  to  find  the 
optimum.  The  optimized  parameters  of  compressing 
schemes  of  figure  1  and  figure  2  together  and  their  bunch 
characteristics  are  presented  in  tables  1,  2, 3. 


Laser  spot  size,  mm 


Figure  3:  The  spline  interpolated  results  of  16  calculations 
of  rms  bunch  length  (a)  for  the  scheme  of  figure  2. 


The  sensitivity  of  rms  bunch  length  to  main  parameters 
of  figure  2  scheme  can  he  written  as  follows: 

a  [pm]  =  7.02  + 

+2.94- Agl^  [mm]  +  0.31-A(Pl^  [“]  -0.68*AaL-A(pL  + 

+8.08 [MeV]  +  4.59A^^  V]  +  9. 13-AVAO 

Where  a  -  rms  bunch  length,  pm;  gl  -  laser  spot  size, 
nnm;  cpL  -  Launch  RF  phase,  degree;  V  -  buncher  cavity 
voltage,  MV;  O  -  operation  RF  phase  of  buncher  cavity. 


Table  1:  The  optimized  parameters  of  the  con^ressing 
schemes. 


Injector 

Fig.l 

'Fig.2 

Acceleration  gradient  in 

RF  gun,  MeV/m 

25 

20 

Launch  RF  phase,  degree 

37.0 

11.09 

Laser  spot  size,  mm 

1.0 

1.72 

Laser  pulse  duration 
(FWHM),  PS 

3.0 

5.6 

RF  voltage  of  buncher 
cavity,  MV 

10.11 

10.77 

RF  phase  of  buncher 
cavity,  degree 

17.18 

0.0 

Target  distance  from 
cathode,  m 

5.1 

5.04 

Table  2:  Bunch  characteristics  downstream  of  RF  gun. 


Injector 

Fig.l 

Fig.2 

Bunch  charge,  pC 

50 

50 

Bunch  rms  length,  pm 

131.0 

173.4 

Bunch  energy,  MeV 

6.14 

9.76 

Energy  spread,  % 

0.56 

0.46 

Longitudinal  rms 
emittance,  KeV-mm 

0.663 

0.843 

Transversal  normalized 
emittance  (rms),  mm*mrad 

1.13 

1.34 

Beam  divergence, 
mrad/mm 

0.797 

0.595 

Table  3:  Bunch  characteristics  at  target  distance. 


Injector 

Fig.l 

Fig.2 

Bunch  rms  length,  pm 

6.28 

7.02 

Max.  bunch  radius,  mm 

7.14 

7.93 

Bunch  energy,  MeV 

9.74 

9.77 

Energy  spread,  % 

1.05 

1.70 

Longitudinal  rms 
emittance,  KeV-mm 

0.645 

1.169 

Transversal  normalized 
emittance  (rms),  mm-mrad 

2.43 

3.97 

Peak  current,  A 

1445 

1266 
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CHICANE  SCHEME 

In  this  compressing  scheme  a  four  dipole  achromatic 
chicane  is  placed  just  after  the  buncher  cavity.  The  sketch 
of  the  chicane  geometry  is  shown  in  figure  4. 

The  elements  of  the  geometry  specified  in  the  figure 
play  the  following  role  for  optimization: 

•  By  curvature  radiuses  of  extreme  dipole  magnets 
(Rl,  R2)  the  transverse  emittance  dilution  has 
compensated. 

•  By  curvature  radiuses  of  the  central  magnet  tips 
(R)  a  curvature  of  a  bunch  front  in  horizontal  and 
in  a  vertical  plane  has  leveled. 

•  By  inclination  (Pl)  of  the  first  dipole  magnet  tip 
the  convexity  of  a  bunch  front  has  corrected. 

•  By  inclination  (p2)  of  the  second  dipole  magnet  tip 
the  convergence  dilution  in  a  horizontal  plane  of  a 
beam  has  compensated. 

The  optimized  values  of  geometry  elements  are  presented 
in  table  4. 


Figure  4:  Sketch  of  magnetic  chicane  geometry.  The 
fringe  magnetic  field  taken  in  account  in  the  simulation. 


Table  4:  The  optimized  elements  of  chicane  geometry. 


a 

L 

pl,  P2 

R1,R2 

R 

4.9r 

250  mm 

r 

200  mm 

207  mm 

The  bunch  characteristics  computed  by  PARMELA  for 
10000  particles  has  shown  in  table  5. 


Table  5:  The  bunch  characteristics  of  magnetic  chicane 
scheme. 


The  bunch  downstream  of. . . 

Fig.2  gun 

Chicane 

Bunch  rms  length,  pm 

111.6 

8.425 

Max.  bunch  radius,  mm 

12 

8.1 

Bunch  energy,  MeV 

9.72 

9.305 

Energy  spread,  % 

0.319 

1.224 

Longitudinal  rms  emittance, 
KeV-mm 

0.78 

0.96 

Transversal  normalized 
emittance  (rms),  mm-mrad 

1.41 

4.1 
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Abstract 

For  the  superconducting  all-niobium  photocathode  radio 
frequency  gun  project,  we  have  studied  the  surface 
preparation  techniques  of  the  niobium  cathode  material. 
The  quantum  efficiency  (QE)  of  high  purity  niobium 
(RRR=250)  has  been  intensively  measured  at  room 
temperature  on  a  dedicated  DC  system.  After  buffer 
chemical  polishing  or  electrolytic  polishing,  the  initial  QE 
is  in  the  order  of  10'^  range  tested  by  a  266  nm  picosecond 
laser  beam.  However,  the  QE  could  be  improved  by  more 
than  two  orders  of  magnitude  after  appropriate  in  situ 
laser  cleaning.  Both  266nm  ps-YAG  and  248nm  ns- 
excimer  laser  beams  have  been  used  in  the  process  of 
cleaning.  The  thresholds  of  the  laser  cleaning  intensity 
were  also  experimentally  determined  to  keep  the 
morphology  of  ^e  superconducting  cavity  surface. 

INTRODUCTION 

For  the  development  of  a  continuous  wave  (CW)  high 
brightness  electron  source,  one  of  the  direct  and  simple 
approaches  is  to  use  the  niobium  surface  of  the 
superconducting  (SC)  cavity  itself  as  the  photocathode 
[1].  However,  without  appropriate  treatment,  the  quantum 
efficiency  (QE)  of  niobium  was  found  to  be  too  low  to  be 
of  practical  use  [2,3]  at  the  laser  wavelength  of  interest  (e. 
g.  266nm).  Previous  experimental  results  showed  that  QE 
of  niobium  could  reach  up  to  10*^  by  a  special  preparation 
technique  of  a  series  of  diamond  mechanical  polishing 
followed  by  laser  cleaning  [1].  Since  the  laser  cleaning 
technique  has  been  successfully  applied  to  the  copper  and 
magnesium  cathode  [5,6],  we  systematically  investigated 
the  laser  cleaning  effect  on  the  buffer  chemical  polished 
(BCP)  or  electrolytic  polished  (EP)  niobium  surface 
irradiated  by  the  fourth  harmonic  of  a  picosecond 
Nd:YAG  laser  or  a  nanosecond  KrF  excimer  laser  beam. 
The  cleaning  laser  energy  density  should  be  high  enough 
to  effectively  remove  the  contamination  on  the  niobium 
surface.  It,  however,  could  not  be  beyond  the  damage 
threshold.  Otherwise  the  morphology  of  the  surface  in  the 
cleaned  area  will  be  completely  changed,  which  will 
increase  the  field  emission  and  thus  degrade  the 
performance  of  the  SC  cavity.  From  experiments,  we 
found  the  effective  laser  cleaning  energy  density  is  around 
0.3mJ/mm^  for  a  15ps,  266nm  laser  beam  while  about  one 
order  higher  for  a  --20ns,  248nm  excimer  laser. 

EXPERIMENTAL  APPARATUS  AND 
TECHNIQUES 

The  picosecond  pulses  were  produced  by  a  10-Hz 
mode-locked  Nd:YAG  laser  (Quantel  YG  501  DP).  The 
1.063  |im  laser  out  of  oscillator  is  limited  to  the  TEMoo 


mode  by  a  1-mni-diameter  intracavity  pinhole.  A  single 
laser  pulse  is  selected  from  the  train  and  amplified  by  an 
NdiYAG  laser  amplifier  through  two  passes.  Two  KDP 
(potassium  dihydrogen  phosphate)  crystals  are  used  one 
after  the  other  to  generate  266nm  (hv=4.66eV)  radiation 
via  harmonic  conversion.  It  can  produce  about  ImJ/pulse 
ultraviolet  (UV)  beam  with  pulse  duration  of  about  15  ps. 
This  UV  beam  was  utilized  for  both  laser  cleaning  and 
QE  measurements  on  the  DC  system. 

The  excimer  laser  (Lambda-Physik  LPX-lOO)  operating 
with  KrF  gas  mix  is  capable  of  producing  a  -20ns  pulse 
beam  with  energy  of  about  250mJ/pulse  at  wavelen^  of 
248nm  (hv=5.0eV).  This  laser  can  run  at  10  Hz  repetition 
rate,  and  was  also  used  for  laser  cleaning. 

The  UV  beam  from  laser  system  was  directed  onto  the 
cathode  by  UV  mirrors  via  various  optical  elements.  A 
He-Ne  reference  laser  and  two  irises  were  used  to  define 
the  trajectory  of  the  UV  beam  to  repeatedly  align  the 
beam  on  the  cathode.  A  half  wave  plate  and  a  polarizing 
cube  acted  as  a  variable  attenuator  to  control  the  laser 
energy.  A  pyroelectric  detector  (Molectron  J3-09)  was 
used  to  measure  the  UV  pulse  energy  entering  the  vacuum 
chamber.  The  laser  beam  size  on  the  cathode  can  be 
adjusted  by  the  variation  of  the  lens  position  or  the  irises’ 
apertures.  The  spatial  profile  of  the  UV  beam  was 
determined  at  the  equivalent  site  of  the  cathode  by  using  a 
CCD  camera  system  (Spiricon  LBA-IOOA).  Figure  1  is 
the  schematic  layout  of  the  beam  optics  for  Ae  QE  tests. 


Figure  1 :  Layout  of  beam  optics  for  QE  test 


A  2-3/4  inch  stainless  steel  cubic  cell  with  three  fused 
silica  windows  was  used  as  the  vacuum  chamber.  The 
chamber  was  mounted  on  an  x-y  translation  stage  so  that 
it  can  be  remotely  moved  both  horizontally  and  vertically 
with  a  1pm  resolution.  This  feature  was  used  to  scan  the 
cathode  for  a  uniform  laser  cleaning  with  the  ps  laser.  A 
rotary  stage  with  a  high  voltage  and  a  charge  signal  feed¬ 
through  was  placed  attached  to  the  cube.  The  anode  and 
cathode  were  installed  parallel  to  each  other  on  two 
aluminum  rods  attached  to  the  high  voltage  and  the  charge 
signal  feed-through,  respectively.  Thus  anode  and  cathode 
can  be  rotated  together  in  vacuum  at  any  angle. 
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After  the  introduction  of  new  samples  into  the  chamber, 
the  system  was  initially  evacuated  down  to  approximately 
10“^  Torr  by  the  successive  use  of  two  liquid  nitrogen 
cooled  sorption  pumps.  This  pressure  was  further  reduced 
to  around  5x10’^  Torr  after  appropriate  baking  by  using  a 
Varian  Star-Cell  ion  pump.  The  vacuum  level  in  the 
chamber  was  monitored  by  an  ionization  gauge. 

We  tried  to  simulate  the  SC  cavity  treatment  procedures 
to  prepare  the  cathode.  The  niobium  cathodes  were 
machined  directly  fi-om  a  high  purity  grade  of  bulk  sample 
into  a  cylinder  with  9mm  diameter  and  9  mm  thickness. 
The  niobium  has  the  same  quality  as  that  used  for  the  SC 
cavity  with  residual  resistivity  ratio  (RRR)  value  of  250 
provided  by  Wahchang  Company.  All  cathodes  were  then 
initially  cleaned  with  detergent  water.  Most  of  the 
cathodes  were  further  treated  to  buffer  chemical  polishing 
with  the  mixture  of  Fluoric  (48%),  Nitic  (65%)  and 
Phosphoric  (85%)  acids  in  a  ratio  of  1:1:2  by  volume.  A 
few  samples  were  cleaned  by  electropolishing  at  TJNAL, 
and  some  were  further  mechanically  polished  after  BCP 
or  EP.  A  compact  etching  station  was  established  for  BCP 
purpose.  The  niobium  sample  was  attached  on  a  Teflon 
holder  and  immersed  into  the  acids  solution  with  cathode 
surface  facing  up.  A  50ml  Teflon  beaker  holding  the 
solution  was  dipped  into  an  ice-cooled  water  bath  so  that 
the  temperature  of  the  solution  could  be  maintained 
during  etching.  To  facilitate  the  heat  exchange  and 
dislodge  any  buildup  of  dissolved  material  around  the 
sample,  the  acids  mixture  was  agitated  by  a  magnetic 
stirrer  in  the  course  of  BCP  etching.  The  cathodes  were 
typically  etched  for  15-60  minutes  at  temperature  of  12- 
15  degrees  centigrade  and  then  rinsed  with  deionized  (DI) 
water  (18M^2)  and  cleaned  in  an  ultrasonic  DI  water  bath. 
This  was  followed  by  high  purity  of  nitrogen  drying  the 
sample  in  a  cleaned  environment  and  transport  into  the 
vacuum  chamber  immediately. 

In  the  normal  QE  measurement,  a  positive  DC  high 
voltage  of  up  to  lOKV  was  applied  to  the  anode  across  the 
diode  gap  of  about  1.5mm.  In  order  to  obtain  a  imiform 
field  between  the  anode  and  cathode,  a  thin  copper  mesh 
(70  lines/inch)  was  used  to  cover  the  anode  hole  on  the 
cathode  side.  The  charge  signal  from  the  cathode  was 
successively  amplified  by  a  low  noise,  charge  sensitive 
pre-amplifier  and  a  shaping  main  amplifier,  and  then 
recorded  by  a  digital  oscilloscope  (Tektronics  2440)  with 
a  50Q  termination.  The  charge  measurement  system  was 
calibrated  by  applying  a  known  voltage  to  a  calibrating 
capacitor  in  the  preamplifier.  During  QE  measurement, 
photoelectrical  charge  must  be  kept  low  enough  to  avoid 
space  charge  domination  and  to  ensure  the  charge 
amplifiers  operating  at  their  linear  ranges.  The  laser 
energy  irradiating  the  cathode  was  continuously 
monitored  and  measured  by  a  fast  photodiode  calibrated 
against  an  energy  meter  (Molectron  J3-09)  before  and 
after  QE  test.  To  reduce  the  background  from  the 
scattering  light  in  the  room,  the  window  of  the  photodiode 
was  always  covered  by  a  UGl  1  filter.  Care  was  also  taken 
to  make  sure  the  photodiode  was  always  working  within 
the  linear  response  range.  QE  can,  therefore,  be  deduced 


by  simultaneously  recording  the  laser  signal  from  the 
photodiode  togeAer  with  the  charge  signal  from  the 
cathode  on  the  same  scope. 

EXPERIMENTAL  RESULTS 

When  we  started  to  test  a  newly  prepared  cathode  on 
the  DC  system,  the  initial  QE  of  Niobium  was  10"^  for 
BCP  and  EP  samples  and  10“^  for  a  MP  sample.  We  first 
used  the  UV  beam  from  the  ps-YAG  laser  to  clean  the 
surface.  Tests  indicated  that  QE  could  be  significantly 
improved  when  the  incident  laser  energy  density  was 
excess  of  0.2  mJ/mm^  for  about  50  minutes.  Although  the 
QE  increased  with  further  increase  of  energy  density,  the 
morphology  of  cathode  surface  was  totally  changed  even 
before  QE  arrive  at  its  maximum.  Such  a  surface 
modification  would  not  be  acceptable  for  the  SC  cavity, 
since  it  could  induce  severe  field  emission  and  thus  limit 
the  performance  of  the  cavity.  Our  experiments  showed 
that  the  optimal  energy  density  was  around  0.3  mJ/mm^ 
for  ps-YAG  beam.  Figure  2  illustrates  the  cathode 
surfaces  before  and  after  laser  cleaning  with  different 
laser  energy  densities  observed  under  optical 
microscopes.  Some  of  the  samples  were  also  inspected 
under  scanning  electron  microscopes  for  higher 
magnifications. 


YAG  laser  energy  densities,  observed  under  optical 
microscope.  BCP  sample:  a)  before  laser  cleaning,  b) 
laser  energy  density  0.25mJ/mm^,  c)  laser  energy  density 
0.67mJ/mm^  EP  sample:  d)  before  cleaning;  e)  laser 
energy  density  0.45mJ/mm^ 

UV  beam  from  excimer  laser  also  demonstrated  the 
capability  of  cleaning  cathode  to  increase  the  QE.  Since 
the  output  energy  of  excimer  laser  is  more  than  200  mJ 
and  the  spatial  profile  is  uniform,  it  is  more  efficient  to 
clean  a  large  area  without  the  need  of  beam  scanning.  The 
optimized  energy  density  for  this  laser  was  in  the  region 
of  3.5  mJ/mm^. 

Since  the  photoemission  of  the  niobium  from  the  UV 
laser  is  a  one-photon  effect,  there  was  a  linear  relationship 
between  the  energy  of  incident  laser  and  the  charge  of  the 
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emitted  electrons  as  shown  in  Figure  3,  The  different 
intercepts  on  the  log-log  graph  express  different  QE. 
Similar  behavior  was  also  observed  on  cleaning  with 
YAG  laser. 


effect.  A  typical  result  is  seen  in  figure  5.  By 
extrapolating  this  data  to  35MV/m  in  the  gun  cavity,  QE 
of  nearly  10^  could  be  achieved. 
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Figure  3:  QE  of  BCP  Niobium  sample  cleaned  by  248nm, 
measured  by  266nm 

Figure  4  is  the  summary  of  the  typical  QE  of  niobium 
with  different  surface  treatment.  All  the  measurements 
were  conducted  by  the  266nm  YAG  laser.  BCP,  MP+BCP 
and  EP  samples  were  laser  cleaned  with  energy  density 
around  0.3mJ/mm^,  and  BCP(HV)  was  cleaned  with  much 
lower  energy  density  prior  to  measurements.  Althogh 
BCP(HV)  cleaning  is  more  effective,  extreme  care  is 
required  since  the  cathode  surface  could  easily  be 
damaged  due  to  the  formation  of  plasmas.  The  red  bar  in 
BCP  data  in  Figure  4  corresponds  to  a  heavier  BCP 
cleaning  that  resulted  in  doubling  of  QE. 
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Figure  4:  Summary  of  QE.  Laser  cleaning  energy  density 
was  around  0.3  mJ/mm^  by  ps-YAG  (266nm)  for  all 
samples  except  BCP(HV).  Field  on  the  cathode  during 
measurement  was  about  1.5MV/m.  BCP  (HV):  high 
voltage  of  5KV  applied  across  1 .7mm  gap  during  cleaning 
at  O.lmJ/mm^.  Red  BCP:  cathode  was  heavily  BCP 
cleaned  with  total  remove  of  ~60um. 

Since  the  gradient  on  the  cathode  was  lower  in  the  DC 
system  than  in  the  gun  cavity,  QE  was  measured  as  a 
flmction  of  field  gradient  to  take  account  of  the  Schottky 
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Figure  5:  QE  vs.  field  gradient  for  a  BCP  sample 

SUMMARY 

The  QE  of  BCP  and  EP  Niobium  samples  increased 
more  than  two  orders  of  magnitude  after  appropriate  in 
situ  laser  cleaning.  Both  the  UV  beams  from  ^e  ps-YAG 
and  ns-excimer  can  be  used  to  clean  the  niobium  cathode. 
The  cleaning  laser  energy  densities  were  determined  to 
avoid  the  damage  of  surface.  The  real  QE  of  niobium  in 
SC  cavity  at  cryogenic  temperature  will  be  tested  soon. 
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Abstract 

A  project  to  develop  an  all  Niobium  Superconducting 
RF  Gun  is  underway  at  Brookhaven  National  Laboratory 
in  collaboration  with  Advanced  Energy  Systems.  The 
geometry  of  the  gim  requires  that  the  power  input  and  the 
pickup  probes  are  on  the  same  side  of  the  cavity,  which 
causes  direct  coupling  between  them,  or  crosstalk.  At 
room  temperature,  the  crosstalk  causes  serious  distortion 
of  the  RF  response.  This  paper  addresses  the 
phenomenon,  the  analysis  and  the  simulation  results  as 
well  as  the  measurements.  A  method  is  provided  on  how 
to  extract  the  desired  information  from  the  confusing 
signal  and  allow  accurate  measurements  of  the  coupling 
between  the  probes  and  the  cavity. 

INTRODUCTION 

Superconducting  cavities  (SCC)  have  been  used  in 
many  accelerator  facilities.  The  great  success  of  the 
superconducting  technology  has  encouraged  many  other 
applications  like  microwave  guns.  For  example,  DESY 
has  applied  it  for  a  microwave  gun.^^’^^  In  Brookhaven 
National  Lab,  an  “Electron  Cooling”  project  is 
underway^^^.  As  a  first  experiment,  a  microwave  gun  with 
superconducting  cavity  is  employed 

A  SCC  in  an  accelerator  usually  has  its  input  antenna 
(or  launcher)  on  one  side  and  the  pickup  probe  on  the 
other  side.  The  coupling  between  them  is  only  through  the 
cavity  cells,  and  has  a  perceivable  coupling  only  near  the 
resonant  frequency.  For  a  cavity  of  a  microwave  gun,  one 
end  must  be  the  cathode;  thus,  both  launcher  and  pickup 
may  be  on  the  same  side,  as  is  the  case  here.  We  found 
there  was  strong  cross-talk  between  the  launcher  and  the 
pick-up  in  room  temperature  measurement  Fig.  1 
shows  a  typical  response  of  S21  by  virtue  of  a  network 
analyzer.  Obviously,  it  is  too  much  distortion  from  a 
typical  resonant  curve.  How  to  extract  the  useful 
information  from  the  undesirable  signal  is  a  challenge. 

To  this  end,  we  had  to  make  a  model  for  simulation. 
Analyses  are  also  necessary  in  order  to  understand  the 
relationship  between  parameters  and  the  responses  in  the 
measurements.  Fortunately,  we  found  the  crosstalk  is  not 
important  when  the  cavity  is  cooled  down  to  the 
superconducting  status. 

This  article  summarizes  the  results  of  the  analysis  and 
the  measurements.  It  also  provides  a  method  to  deal  with 
crosstalk  in  case  it  is  not  negligible. 

MODELING  AND  SIMULATION 

We  chose  the  equivalent  circuit  model  as  shown  in  Fig. 
2,  where  Cq-Lo-I^  represents  the  cavity.  Cl  and  C2 


represent  the  input  and  pickup  couplers,  respectively,  with 
each  connected  to  a  50  ohm  cable.  A  capacitance  C12  is 
added  to  represents  a  direct  coupling  between  input  and 
pickup  and  introduces  crosstalk. 
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Fig.l  A  typical  phenomenon  of  crosstalk 
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Fig.2  The  equivalent  circuit 
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Fig.3  The  Pspice  simulation  result 


Here  all  the  couplings  are  attributed  to  capacitance, 
because  the  probes  are  of  rod  shape  and  located  in  the 
electric  field  area. 

Fig.  3  shows  the  results  from  PSpice.  Evidently, 
without  direct  coupling,  the  curves  display  normal 
resonance  (symmetric  green  curve).  The  phase  changes 
180  degrees  when  the  frequency  crosses  the  resonance 
(not  shown).  When  C12  is  added  (C12  =  O.OOlpF  is 
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chosen  in  this  curve),  both  the  magnitude  and  phase 
display  are  distorted,  exactly  as  we  measured. 

The  dip  frequency  is  due  to  the  interference  of  two 
signals.  One  is  the  normal  coupling  through  the  cavity,  of 
which  the  phase  is  very  frequency  sensitive.  The  other  is 
due  to  the  direct  coupling,  which  is  not  sensitive  to 
frequency.  When  the  two  signals  have  opposite  phases, 
the  signals  cancel  each  other  and  thus  form  a  dip. 

The  simulation  also  demonstrates  that  if  one  increases 
the  Q  of  the  cavity  by  cooling  it  down  from  room 
temperature  to  its  superconducting  state,  in  the  vicinity  of 
the  resonant  frequency  the  coupled  signal  through  the 
cavity  becomes  much  stronger  than  that  through  Cl 2,  and 
the  crosstalk  becomes  less  important. 

ANALYSIS 

The  simulation  gives  a  clear  response,  but  doesn’t  give 
an  explicit  relationship  between  its  parameters.  Therefore, 
it  is  necessary  to  analyze  the  equivalent  circuit.  Fig.  4 
gives  a  generalized  form,  which  resembles  a  bridge 
circuit. 

Bi2 


Fig.  2.  The  generalized  circuit 


Applying  Kirchhoff  law,  after  algebraic  manipulation 
one  obtains  the  following  matrix  equation. 


-5.2 

-5.^ 

(G  ^ 

-5.2 

-A 

= 

0 

1-5. 

-A 

J'o  j 

l^cj 

loj 

where  Yj  ^  Gs  +  Bi  +  Bj2 
7^  =  Gi  +  ^2  +  Bj2 
Yo  =  Yc  -^Bi-\-B2  . 

Yo  is  the  total  admittance  of  the  cavity  including  the 
coupling  capacitance.  In  our  special  case,  Gs  =  Gl  =  Go  = 
1/  50(ohm),  and  the  couplings  are  very  weak  such  that  5;, 
B2  and  Bi2  are  negligible  in  comparison  with  Gq.  Then 
approximately,  Yj  ^Y2  =  Go^  0.02  mho. 

Solving  the  equation  (1),  one  obtains: 


G,Y,-B^-^Bl 


(2) 


The  coupling  coefficient  related  to  the  coupling 
capacitance  is: 


A  =00^^ 


R.  Cl 


(3) 


8  -  0^  ^  ^ 

^2  ^0  j,  ^2  r-  1  _2 

Note  that  Rs  =  R2  =  I/Go,  and  R^O)  oCc  =  Qo^ 

Note  that  only  Yq  is  frequency  sensitive.  The  other 


parameters  can  be  regarded  as  approximately  constant. 
The  fraction  (2)  includes  a  pole  and  a  zero.  Without 
crosstalk  (i.e.  Bj2  =  0),  its  numerator  becomes  constant 
and  thus  has  no  zero,  corresponding  to  a  simple 
resonance. 

Substituting  the  parameters  Bj  =  Jco Ci,B2=  jco C2,  Bn 
Cn  ,  formula  (2)  can  be  rewritten  in  die  form: 

^2_  l  +  y6.-2(/^/,)//,  (4) 

Go(l  +  /?)  l  +  ye,-2(/-/J//, 


where  p=lPi,  Ql=Qo/(1+P),  Qz=Qo(1+5z). 

fz  =/o(l-T‘Jz).  5,=C,C2/CoCi2 

Evidently  a  pole  is  at  /  =  /o,  and  a  zero  2Xf  =  fz.  This 
verifies  what  we  have  observed  in  the  measurement.  If  the 
crosstalk  is  serious,  that  is  5z  is  small,  then  fz  is  close  to/o, 
and  the  resonant  curve  is  so  distorted  that  the  peak 
frequency is  not  exactly  at/o,/^/„  is  not  exactly  at  fz, 
the  measured  Q  from  3  dB  bandwidth  is  not  exact  Ql, 

The  introduced  “crosstalk  parameter”  Sz,  is  also  a 
measure  of  relative  frequency  separation  of^and  fo. 

g  (5) 

/o 

The  closer  the  two  frequencies,  the  more  the  distortion 
of  the  resonant  curve,  implying  more  serious  crosstalk. 

The  agreement  with  observation  once  again  verifies  the 
circuit  model.  In  order  to  make  a  further  normalization, 
Let’s  define 


S  = 


2(/-/o)^atid  F  =  Qo5, 

/o 


Bz-QoSz. 


(6) 


S  is  the  relative  frequency  deviation.  F  is  the 
normalized  frequency  deviation,  such  that  F  =  1 
corresponds  to  a  frequency  at  the  edge  of  the  3-dB 
bandwidth.  Fz  is  the  normalized  crosstalk  parameter  that 
measures  the  deviation  of  the  dip  frequency  from  the 
resonant  frequency. 

Substituting  (3)  and  (6),  then  (4)  can  be  rewritten  as 


1  \  +  jk,{F  +  F^)  (7) 

\  +  p  \  +  jk,F  F, 


where  kz  =  ~  1,  =  I/(I-^J3)  ~  1. 

Equation  (7)  has  a  clear  physical  meaning.  On  the  RHS, 
the  first  two  fractions  represent  the  response  in  the 
absence  of  crosstalk.  The  first  one  is  the  magnitude  of  the 
coupling  at  resonant  frequency.  The  second  manifests  the 
resonant  performance.  The  third  fraction  involving  Fz 
manifests  the  effect  of  the  direct  coupling  or  the  crosstalk. 
It  approaches  unity  for  Fz  ->  00,  i.e.  whenever  either  Qo  or 
Sz  is  very  large.  Just  like  parameter  4,  Fz  is  also  a 
measure  of  crosstalk. 

At  room  temperature,  Fz  is  in  a  range  that  the  crosstalk 
must  be  taken  into  account.  When  cooled  down  to  the 
superconducting  state,  Qo  increases  a  few  orders  of 
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magnitude,  such  that  the  condition  Fz»  1  is  realized, 
and  the  crosstalk  vanishes. 


THE  RELATIONSHIP  TO  THE  TESTED 
PARAMETERS 


Using  the  analyses  above,  we  now  can  calculate  the 
parameters  we  want  from  the  parameters  that  we  can 
measure. 


The  parameters  we  want  to  know  are  the  resonant 
frequency^,  Qo,  coupling  coefficient  and  external  Q, 

Refer  to  Fig.l,  the  measurable  parameters  f^ax,  f min 
and  corresponding  S21^ax,  S2}^i„,  S2I^i„  usually  is  very 
weak  that  may  not  be  read  out  precisely.  Instead,  we  can 
measure  a  middle  point  /m  and  its  S21m^  From  network 
analyzer,  one  may  also  read  out  Q^ead,  which  is  not  the  real 
loaded  Q  due  to  distortion. 

From  (7)  we  obtain: 


521  =  10  log- 


_ 

(Ufif  UklF^ 


1 


(8) 


Note  that  both  ki  and  kz  are  very  close  to  unity  and  p  — 
Pi-^  P2«\.  Obviously,  if  crosstalk  is  negligible  (i.e.,  F^ 
»  1),  the  maximum  S21  occurs  at  resonance  or  F  =  0, 
one  obtains  Pipzhy  testing  S21fnax> 


S21„,„=1010g(4;ffy/?j), 

(9) 

If  the  crosstalk  is  not  negligible,  then 

101og(4y3/y52)  =  S21„„-  ASo, 

(10) 

where  =  =-20.1og[^l-^j 

(11) 

C  = 

(12) 

^o«=52U-S21^ 

(13) 

In  order  to  determine  each  coupling  coefficient,  one  has 
to  use  an  extra  probe  C.  Combing  with  the  input  probe  A 
and  pickup  B,  one  can  measures  three  products  PaPb, 
pApc^  and  Pc  pB‘  Then  it  is  ready  to  find  each  individual  p 
value  by 


Pa  ^ 

[(PaPbXPaPc) 

'  (PcPb) 

(14) 

The  loaded  is: 

Ql  ~  Gg  Qready 

Where 

(15) 

(16) 

The  deviation  of  the  resonant  frequency  is: 

.  /o 


f Jiax  ^0 


200 


where 


F’z=C-- 
^  C 


(17) 

(18) 


SUMMARY 

The  frequency  response  with  an  asymmetric  was  found 
due  to  crosstalk.  A  model  with  direct  coupling  along  with 
PSpice  simulation  successfully  demonstrated  this 
phenomenon.  A  detail  analysis  gives  the  formulas,  fi-om 
which  one  can  calculate  the  coupling  parameters, 
although  the  frequency  response  is  serious  distorted. 

This  work  was  aimed  to  solve  the  crosstalk  problem  in 
a  superconducting  gun.  But  of  course,  this  method  is  also 
applicable  for  any  crosstalk  phenomena. 
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SIMULATION  OF  HIGH  CURRENT  EXTRACTION  FROM  THE  ELSA  RF 

PHOTO-INJECTOR 


P.Balleyguier,  Ph.Guimbal  CEA/DPTA  Bruyeres-le-Chatel,  France 


Abstract 

Extracting  a  high-charge  bunch  from  a  photo  injector 
is  a  real  challenge,  because  of  space  charge  effects.  Our 
goal  is  to  extract  a  100-nC  bunch  from  our  144-MHz 
photo-injector,  and  to  keep  it  a  low  emittance.  The  effect 
of  HOM  excitations  has  also  to  be  considered  for  our  a 
long  term  goal,  which  is  to  extract  a  burst  of  ten 
consecutive  such  bunches.  This  paper  presents  some 
simulations  of  basic  phenomena  (image  charges,  space 
charge  limitation,  RF  mode  excitation  ...),  that  we  carried 
out  to  validate  the  tool  that  we  use  (the  MAFIA-TS2  2D 
PIC  solver),  and  the  results  of  global  simulations. 


INTRODUCTION 

The  intensity  of  electron  emission  is  a  critical  issue  in 
flash  X-ray  machines  like  AIRIX  [1].  The  ELSA  unique 
low  frequency  (144  MHz)  photoinjector  [2]  is  a  good  tool 
to  explore  the  domain  of  space  charge  limited  emission. 
Such  experiment  requires  improvements  on  the  photo¬ 
injector,  components  (photo  cathode,  drive-laser,  RF 
power...).  An  important  work  on  the  drive  laser 
stabilization  is  imderway.  Boosting  the  RF  power  by 
+50%  is  also  considered.  We  present  here  some 
simulations  validating  the  principle  of  high  charge 
emission.  We  use  the  MAFIA  time-domain  particle-in- 
cell  (PIC)  solver  TS2  in  a  2D  axisymetrical  simulation 
(r,z).  Next  subsections  shows  some  of  the  simple  tests 
that  we  made  in  order  to  check  if  basic  phenomena  were 
treated  correctly  by  this  code. 


Image  charge 

Unlike  the  classical  code  PARMELA  working  with 
image  charges,  MAFIA-TS2  solves  the  Maxwell 
equations  directly  with  the  limit  condition  (metallic  wall). 
We  first  checked  the  equivalence  of  the  two  formalisms. 

A  single  particle  is  emitted  at  low  speed  (Po«l) 
from  a  metallic  cathode  without  external  field.  In  Ae  non 
relativistic  limit,  the  limit  condition  on  the  cathode  is 
equivalent  to  an  image  charge  moving  backward  from  the 
cathode,  symmetrically  with  the  real  particle.  This  image 
charge  acts  on  the  real  particle  by  decelerating  it  along  its 
trajectory.  As  the  total  energy  of  the  real  particle  (kinetic 
plus  potential)  remains  constant,  we  have: 

2  16;r£o  ^ 

the  second  term  on  the  left  hand  side  being  the  potential 
energy  created  by  the  image  charge  on  the  real  particle. 

With  MAFIA,  we  simulated  such  a  case,  and 
computed  the  particle  speed  along  its  trajectory.  As 
expected,  the  total  energy  (from  MAFIA's  speed  and 
position)  is  indeed  constant,  after  the  first  half  mesh  step 


(fig.l).  The  energy  drop  AE  between  initial  and 
asymptotic-final  kinetic  energy  is  about  the  potential 
energy  of  the  particle  at  the  distance  of  one  mesh  step.  We 
conclude  that  the  so-called  "image  charge"  effects  are 
correctly  simulated  (as  long  as  the  initial  energy  is  higher 
than  AE). 


Fig.  1 .  A  single  particle  decelerated  by  its  image  charge. 


Space  charge  limitation 
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Fig.  2.  Transient  behaviour  at  the  space  charge  limit 
value:  electron  motion  gets  turbulent. 


In  a  planar  diode  with  a  uniform  external  field,  the 
density  of  emitted  electrons  cannot  exceed  the  value  for 
which  the  external  field  is  cancelled  by  the  space-charge 
field.  When  this  occurs,  the  particle  motion  becomes 
turbulent  (fig.  2).  If  an  attempt  is  made  to  emit  a  higher 
density  current,  the  turbulence  grows  and  some  particles 
roll  back  to  the  cathode.  Simulations  show  that  the 
current  limitation  indeed  coincides  with  the  cancellation 
of  the  cathode  field  (fig.  3).  The  density  limit,  according 
to  Child  Langmuir's  (CL)  law,  is  proportional  to 


For  voltages  U>0.5  MV,  the  agreement  is  still  good 
with  the  relativistic  CL  law  [3]  (fig.  4): 
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But  the  absolute  MAFIA  current  limit  is  higher  than 
CL's  value  by  a  factor  (about  1.8  here)  decreasing  with 
mesh  size.  The  residual  discrepancy  factor  (which  tends 
to  1.4  as  mesh  size  tends  to  zero)  results  from  the  finite 
radial  extension  of  the  beam  that  permits  a  higher  current 
density  than  in  the  CL's  ID  model. 


Fig.  3.  For  given  voltage  and  distance,  the  cathode  field 
(Ek)  drops  as  the  current  density  increases. 


Fig.  4.  Despite  a  1.8  discrepancy  factor,  the  voltage 
dependence  of  the  density  limit  is  OK. 


Immersed  cathode 


Fig.  5.  Emittances  with  an  immersed  cathod . 


Immerging  a  cathode  in  magnetic  field  Bz  creates  some 
azimuthal  emittance.  For  a  short  bunch  of  radius  R  [4]: 

.  B.cR^ 
mc^  8 

A  1-pC  bunch,  25-ps  rms  (gaussian)  long,  was 
simulated  in  the  geometry  of  the  ELSA  photoinjector  (see 
below).  An  additional  coil  in  the  cathode  nose  creates  a 
longitudinal  magnetic  field  on  the  cathode.  From  r. 


r'-v/vz,  and  O'-v/Vz,  MAFIA/TS2  computes  the 
normalized  rms  emittance: 

Results  are  in  good  agreement  with  the  analytical  value 
(fig  5). 


ELSA  PHOTO  INJECTOR 

RF  Modes 

Excitation  of  the  photoinjector  cavity  by  a  short  bunch 
of  charge  q  has  been  simulated  in  time  domain  with  the 
TS2  solver.  After  a  Fourier  transform,  the  spectrum 
shows  the  same  frequencies  than  the  modes  computed  by 
the  eigenmode  solver  in  frequency  domain  (fig.  6). 
Moreover,  at  144  MHz,  the  amplitude  of  the  accelerating 
mode  is  within  1%  of  the  expected  value:  U^qco  R/Q . 


Fig.  6  Response  of  the  ELSA  photoinjector  cavity 
computed  in  time  and  frequency  domains. 


Charge  extraction 


to+^ns 


to+5^ns 


to+l^ns 


Fig.  7.  0.1  or  100  nC  extracted  from  ELSA's 
photoinjector.  The  middle  of  the  bunch  is  extracted  at  to- 
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A  gaussian  bunch  (65  ps-rms)  of  100  nC  is  extracted 
uniformly  from  a  15 -mm  radius  photocathode.  The  RF 
voltage  is  U=2.7  MV,  the  gap  length  is  d=100  mm. 

According  to  MAFIA,  such  a  bunch  can  be  accelerated 
without  major  perturbation  on  the  particle  dynamics  (fig. 
7):  the  plots  look  exactly  the  same  either  for  a  low  charge 
(0.1  nC)  or  a  100  nC  charge.  However,  at  100  nC,  a  few 
particles  (5.5  %)  are  lost  on  the  wall  tube:  the 
photoinjector  parameters  (cathode  radius,  focusing 
magnetic  field...)  have  not  been  optimized  yet.  As  the 
emittance  is  dominated  by  non-linear  radial  effects  due  to 
the  wide  extraction  area,  the  charge  has  only  a  slight 
influence  on  it:  Ex  is  174  pm  at  0.1  nC,  and  181  pm  at 
100  nC  (fig.  8). 


Fig.  8.  Phase  plane  (r  r’)  and  emittance  @z=340  mm. 


Wakefields  effects 


Fig.  9  Energy  dispersion  for  different  bunches. 


Fig.  10.  Photocathode  E-field  for  a  10x1  OOnC  bunch 
train. 


The  charge  has  also  some  influence  on  the  output 
energy  of  the  bunch  (fig.  9).  Wheras  a  low  charge  bunch 
is  almost  uniform  in  energy  (apart  from  the  top  curvature 
due  to  the  RF  sine  dependence  of  the  fields),  the 
Wakefield  of  a  100-nC  charge  causes  an  energy  drop  in 
the  bunch  center.  In  addition,  the  global  energy  further 
decreases  in  case  of  multibunch  operation  because  of 
cavity  filling  out:  -0.27  Joule  at  each  bunch  out  of  45 
Joules  initial  energy.  Each  successive  pulse  emission 
causes  a  bump  on  the  photocathode  field,  and  some 
higher  frequency  noise  gradually  emerges  (fig.  10). 


Overloading 

As  no  major  consequence  was  observed  so  long,  we 
tried  to  push  the  charge  imtil  bunch  explosion:  it  occurred 
above  500  nC.  As  an  example,  an  attempt  to  extract  a 
charge  of  1000  nC  is  displayed  (fig.  11).  ITiis  simulation 
clearly  shows  a  particle  lack  on  axis  in  the  bunch  center,  a 
high  number  of  lost  particles  (caused  by  radial 
excursion),  and  eventually,  a  split  residual  bunch  coming 
out  from  the  cavity.  The  number  of  particle  is  1000,  and 
the  mesh  step  is  0.9  mm  in  the  gap.  Other  mesh  size  and 
number  of  particle  were  tried:  results  were  qualitatively 
equivalent. 


to’H).2  ns 


i  to^^.6ns 

I  


lo+0.8ns 

■  _ 

Fig.  1 1.  At  1000  nC,  the  bunch  explodes. 

CONCLUSION 

According  to  MAFIA  simulations,  a  bunch  charge  of 
100-nC  can  be  extracted  and  correctly  accelerated  in  the 
ELSA  photoinjector.  Apart  from  an  acceptable  energy 
degradation,  no  major  consequence  was  observed  on  the 
beam  d5aiamics.  Multibunch  operation  can  be  considered 
for  a  few  bimches. 
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EMITTANCE  GROWTH  STUDY  USING  3DE  CODE  FOR  THE  ERL 
INJECTOR  CAVITIES  WITH  VARIOUS  COUPLER  CONFIGURATIONS  * 

Z.  Greenwald  D.  L.  Rubin,  Cornell  University,  Ithaca,  NY 

Abstract 


We  compute  emittance  growth  in  electron  bunches  in 
high  gradient  accelerating  cavities  due  to  field  nonlin¬ 
earities  and  phase  dependence  associated  with  the  finite 
bunch  length.  The  determination  of  the  emittance  is  based 
on  tracking  of  individual  particles  through  tabulated,  3- 
dimensional,  electromagnetic  fields.  No  symmetry  is  as¬ 
sumed.  The  fields  for  the  structure,  including  input  cou¬ 
pler,  are  calculated  using  MAFIA  or  MWS[1].  We  exam¬ 
ine  particle  trajectories  RF  focusing  and  emittance  growth 
of  injector  cavities  with  various  coupler  configurations  un¬ 
der  study  for  Cornell  Energy-Recovery-Linac  proposal  [2]. 

INTRODUCTION 

A  study  of  beam  emittance  growth  in  ERL  injector  cav¬ 
ities  [2]  was  done  using  the  new  code  3DE[3].  The  study 
was  done  for  four  different  coupler  configurations  over  the 
particle  energy  range  of  0.5  MeV  -  10  MeV.  All  four 
structures  have  two  identical  RF  cells.  The  input  and  out¬ 
put  beam  pipe  dimension  of  the  first  structure  is  slightly 
different  than  the  pipe  dimensions  of  the  other  three  struc¬ 
tures.  The  arrangements  of  the  couplers  in  each  structure  is 
listed  below: 

•  Structure  I :  Two  cells  cavity  -  NO  couplers 

•  Structure  II :  Two  cells  +  ONE  vertical  coupler  at 
the  bottom  of  the  output  pipe  located  at  2:  =  0.281  m 
from  the  input,  see  Figure  1. 

•  Structure  III  :Two  cells  -I-  TWO  vertical  symmet¬ 
ric  couplers  at  the  bottom  and  top  of  the  output  pipe 
located  at  z  =  0.281  m  from  the  input,  See  Figure  2. 

•  Structure  IV  :Two  cells  +  TWO  vertical  asymmet¬ 
ric  couplers,  the  same  as  structure  III,  axcept  there  is 
a  1  mm  vertical  shift  of  the  bottom  coupler  relative  to 
the  top  one. 

The  top  coupler  in  structures  III  k.  IV  was  added  in  or¬ 
der  to  compensate  the  effect  of  the  transverse  kick  of  the 
bottom  coupler  on  the  emittance.  In  structure  IV  a  1  mm 
shift  was  added  to  simulate  practical  imperfection  in  man¬ 
ufacturing. 

THREE  DIMENSIONAL 
ELECTROMAGNETIC  FIELD 

The  three  dimensional  Electromagnetic  field  for  all  the 
structures  were  calculated  using  the  code  MWS[1].  The 
fields  were  calculated  for  both  electric  and  magnetic  wall 

•  Work  supported  by  the  National  Science  Foundation. 

1  Email:  zipi@cesrlO.lns.comell.edu 
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Figure  1:  A  two  cells  with  one  vertical  coupler  structure. 


Figure  2:  A  two  cells  TWO  symmetric  vertical  couplers 
structure. 

boundary  conditions  and  were  combined,  in  order  to  sim¬ 
ulate  propagating  waves,  using  the  following  expressions 
[4]: 

E  =  (-Ee  +j-kn-  E^)  (1) 

(2) 

Eey  He,  are  fields  calculated  with  the  electric  wall 
boundary  condition 

Hm*  are  fields  with  calculated  the  magnetic  wall 
boundary  condition 

kn  is  a  normalization  coefficient.  The  value  of  kn  is  de¬ 
termined  from  the  characteristic  impedance  of  the  coaxial 
line  of  the  RF  couplers.  The  sign  of  kn  is  chosen  to  satisfy 
the  a  condition  for  a  propagating  waves  into  the  structure. 

TRACKING 

The  3DE  code  calculates  the  new  kick  on  the  particle 
due  to  the  RF  field  at  each  coordinate  and  calls  BM AD' s 
tracking  routine  [5],  which  uses  a  Runge  -  Kutta  algorithm, 
to  calculate  the  new  particle  location.  Using  the  new  lo¬ 
cation  3DE  code  calculates  the  new  angles  and  particle 
eneigy.  A  comparison  of  the  trajectories  of  three  parti¬ 
cles  with  vertical  displacement  of  y  —  —  2,  0,  2  mm 
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and  horizontal  displacement  of  a;  =  0,  0,  0  mm  enter¬ 
ing  structure  II  (two  cells  with  ONE  vertical  coupler)  and 
structure  IV  (two  cells  with  TWO,  1  mm  shifted,  vertical 
couplers)  is  seen  in  Figure  3.  The  particles  traveling  in  the 
ONE  coupler  structure  are  being  kicked  in  the  ~y  direction 
after  passing  the  location  of  the  coupler  dX  z  ~  0.281  m, 
due  to  the  transverse  kick. 


Partiel*  Tr^«etorl»f  for 
a.  IWo  C«U*  ONE  voRteal  eoupitr 
b.  Two  Ctlit  TWO  vorticaL  1  mm  t hiftod,  couplers 


i(m) 

Figure  3:  Particles  trajectories  in  structures  II  (dashed 
line)&  IV  (solid  line)  (These  are  the  one-coupler  &  two- 
asymmetric-couplers  structures) 


RF  FOCUSING 

We  observe  the  expected  tras verse  focusing  [3],  and  com¬ 
pute  its  strength  as  .  A  comparison  of  the  RF 
focusing  versus  Input-P^icle-Energy  for  all  four  struc¬ 
tures  can  be  seen  in  Figure  4.  The  RF  phase  was  op¬ 
timized  to  get  maximum  acceleration  at  each  input  en¬ 
ergy.  The  RF  focusing  of  structures  II,  III,  IV  (two 
cells  WITH  couplers)  is  essentially  identical  and  about 
90%  of  the  focusing  with  no  couplers.  When  the  gradi¬ 
ent  in  the  structure  was  raised  from  1  MV/l  to  3  MV/l 
{I  =  0.54  m,  total  length  of  the  structure),  the  RF  fo¬ 
cusing  strength  was  increased  by  a  factor  of  3.4  for  Input- 
Particle-Energy  of  1  Mev  in  the  structure  of  two  cells  and 
ONE  coupler. 


EMITTANCE 

The  emittance  obtained  for  structure  I  with  two  cells,  NO 
coupler  for  a  bunch  with  a  uniform  square  distribution,  at 
input  particle  energy  of  0.5  MeV  gradient  of  1  MV/l  with 
O'yin  =  1  m,m,  (Tytin  =  0  is  2.833410”®  m  —  rad.  Note 
that  the  input  emittance  is  nominally  zero  where  the  output 
emittance  e  is: 


y  and  y'  are  the  vertical  displacement  and  angle,  and  o-y 
and  ayf  are  the  rms  beam  sizes.  The  corresponding  phase 
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Figure  4:  RF  focusing  versus  Input-Particle-Energy  for  all 
four  structures 
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Figure  5:  Phase  space  of  a  1  mm  transversely  squared 
bunch 


space  distribution  is  seen  in  Figure  5.  The  emittance  growth 
calculated  for  a  bunch  with  Gaussian  distribution  ayin  = 
2  mm,  (Ty^in  =  0,  at  input  energy  of  0.5  MeV  and  Gra¬ 
dient  of  1  MV/l,  are  summarized  in  Table  I.  The  output 
phase  space  for  bunch  with  Gaussian  distribution  for  struc¬ 
tures  II  (ONE  coupler)  &  IV  (TWO  asymmetric  couplers) 
are  shown  in  Figure  6  and  a  histogram  of  the  transverse 
angle,  y^^^,  of  the  particles  at  the  output  are  shown  in  Fig¬ 
ure  7. 

Calculation  of  emittance  versus  energy  for  II  (ONE  cou¬ 
pler)  &  IV  (TWO  asymmetric  couplers)  is  shown  in  Fig¬ 
ure  8.  At  low  energy  where  the  emittance  is  dominated  by 
the  RF  focusing  there  is  not  much  difference  between  one 
coupler  and  two  couplers.  At  high  energy,  where  the  non 
uniformity  of  transverse  kick  due  to  the  coupler  is  the  dom¬ 
inant  contribution,  we  can  see  the  effect  of  the  cancellation 
in  structure  IV  due  to  the  second  opposite  coupler. 
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Transv^rt*  Phat«  Space; 

OUTPUT  EMITTANCE 
a.  2  calif  with  ONE  Cauplar 
».  2  etili  with  TWO,  1  mm  chittad,  ceupian 


y.euttm) 


Figure  6:  Phase  space  of  structures  II  (ONE  coupler)  k  IV 
(TWO  asymmetric  couplers)  at  the  output 


Table  1:  Emittance  Growth  calculated  by  the  Code  3DE  for 
a  Gaussian  bunch.  Input  Particle  Energy  0.5  MeV.  The 
Gradient  in  the  Cavity  is  1  MV/l  (l=0.5418m) 


Struc¬ 

ture 

ERL  Iiyector  Cavities  Study 

Emittance 

m-rad 

Notes 

II 

4.397  ■  10-** 

Two  cells  ONE  coupler 

Hoff 

center 

5.354i0-« 

bunch  is  1  mm  displaced 
iny 

III 

4.6916-10-** 

Two  cells  - 

TWO  symmetric  couplers 

IV 

4.74-10-** 

Two  cells  - 

TWO  asymmetric  couplers 

IV  off 

center 

4.34-10-** 

bunch  is  1  mm  displaced 
iny 

ANGLE  DlSTWBUnON  Y'_OUt 
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b.  2  calif  with  TWO.  tnrn  a hirtad,  eauplarf 
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Figure  7:  Distribution  of  the  angle,  y\  at  the  output  of 
structures  II  (ONE  coupler)  &  IV  (TWO  asymmetric  cou¬ 
plers) 

CONCLUSIONS 

Calculation  of  the  emittance  (not  including  space  charge 
effect)  shows  that  the  highest  emittance  obtained  in  these 
structures  will  be  4.74  •  10“®  m  -  rad  for  the  first  cav¬ 
ity  after  the  gun  (input  particle  energy  of  0.5  MeV).  At 
this  energy  the  different  arrangements  of  couplers  makes 
very  little  effect.  On  the  other  hand,  when  the  particle  in¬ 
put  energy  increases  the  non  uniformity  of  the  transverse 
kick  is  dominant.  At  input  energy  of  2  MeV  the  output 
emittance  of  structure  IV  (TWO  asymmetrical  couplers)  is 
^  of  the  emittance  of  structure  II  (ONE  coupler).  See  Fig¬ 
ure  8.  Having  two  couplers  also  keeps  the  bunch  along  the 
center  of  the  beam  pipe,  where  in  the  case  of  one  coupler 
the  bunch  is  displaced  by  0.5  mm  in  the  —y  direction  of 
the  center,  as  seen  in  Figure  6.  Also  note,  transversely  dis¬ 
placing  the  beam  by  1  mm  in  structure  IV  compensated  for 


Figure  8:  Emittance  vs.  Particles-Input-Energy  of  struc¬ 
tures  II  (ONE  coupler)  &  IV  (TWO  asymmetric  couplers) 

the  asymmetry  between  the  couplers,  causing  to  a  decrease 
in  the  emittance  growth  as  seen  in  Table  1 . 
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Abstract 

For  the  ERL  injector,  superconducting  cavities  are 
needed  to  deliver  to  the  beam  a  100  kWCW  RF  power. 
With  a  beam  current  of  100. .  .33  mA,  gap  voltage  of  1 . .  .3 
MV,  the  coupler  must  have  an  external  g-factor  in  the 
range  of  4.6x10"^. ..4.1x10^.  The  cavity  shape  and  coupler 
design  presented  provide  the  possibility  of  working  in  the 
range  of  parameters  without  substantial  transverse  kick  to 
the  beam  and  HOM-losses  in  the  system.  In  order  to 
preserve  field  flatness  while  the  dipole  mode  is  driven 
out,  the  2-cell  cavity  has  a  protruding  iris  between  the  cell 
and  the  larger  beam  pipe.  A  twin-coaxial  coupler  has  high 
coupling  but  low  kick  because  of  its  symmetry. 
Calculation  and  optimization  of  the  coupler-cavity  system 
are  performed  with  a  2D  SLANS  and  3D  Microwave 
Studio®  codes. 

1  INTRODUCTION 

A  multi-GeV  Energy  Recovery  Linac  (ERL),  proposed 
by  Cornell  University  in  collaboration  with  Jefferson  Lab, 
is  a  low  emittance,  high  average  beam  current  CW 
accelerator  for  X-ray  science  [1].  An  injector  and  a  main 
linac  of  the  ERL  are  based  on  the  superconducting  RF 
technology. 

One  of  driving  ideas  behind  this  machine  is  to  create  a 
low  emittance  beam  using  a  high-brightness 
photoemission  electron  gun  and  then  to  preserve  the 
emittance  while  the  beam  is  accelerated  in  the  injector  and 
in  the  main  linac.  The  goal  is  to  have  the  beam  with  the 
normalized  emittance  of  2  mm-mrad  in  undulators.  An 
extension  of  existing  technology  in  several  directions  is 
required  to  achieve  this  ultimate  goal.  Development  of  a 
100  MeV,  100  mA  average  current  ERL  prototype  is  in 
progress  at  Cornell  University  [2]. 

One  of  the  possible  sources  of  emittance  dilution  is  a 
kick  caused  by  non-zero  on -axis  transverse 
electromagnetic  fields  of  fundamental  power  couplers  in 
superconducting  cavities.  This  effect  is  especially  strong 
in  the  injector  cavities,  where  a  high  average  RF  power 
per  cavity  must  be  coupled  to  a  vulnerable  low-energy 
beam.  The  requirements  here  are  far  more  demanding 
than  in  any  existing  system.  Our  design  goal  is  to  allow  a 
maximum  emittance  growth  of  no  more  than  10%  total  for 
five  injector  cavities  out  of  the  initial  emittance  of  1 
mm-mrad  [3]. 

The  five  injector  cavities  are  superconducting  2-cell 
niobium  structures.  They  provide  a  total  of  500  kW  of  RF 
power  to  the  beam.  Consequently,  the  permitted  beam 
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current  depends  on  the  injector  energy  and  varies  from 
100  mA  at  5  MeV  to  33  mA  at  15  MeV.  The  injector 
cavity  coupler  has  to  deliver  to  the  beamPi^^j^j  =100  kW 
of  RF  power  and  provide  matching  conditions  for  a  cavity 
gap  voltage  of  V  =  1  through  3  MV.  In  accordance  with 
the  formula 

where  R/Q  is  the  characteristic  impedance  of  the  cavity, 
the  coupler  must  be  adjustable  with  the  external  Q  factor 
overlapping  the  range  from  4.6x10"^  to  4.1x10^.  Such 
small  values  of  may  demand  a  deep  insertion  of  the 
antenna  into  the  beam  pipe  that  adds  to  the  problem  of  the 
kick. 

There  are  several  possibilities  to  completely  or  partially 
suppress  the  transverse  kick  fi-om  the  fundamental  RF 
power  coupler  and  associated  with  it  emittance  growth. 
They  were  analyzed  in  detail  in  [4].  We  settled  on  the 
twin-coaxial  coupler  as  a  more  practical  option. 

Another  source  of  the  emittance  dilution  is  an 
interaction  of  the  beam  with  high  Q  transverse  higher- 
order  modes  (HOMs).  Especially  dangerous  are  lowest 
dipole  modes  whose  fi*equencies  can  be  below  cut-off 
frequency  of  the  beam  pipes.  However,  it  is  possible  to 
find  a  cavity  shape  so  that  the  frequency  of  the  lowest 
dipole  mode  is  high  enough  to  propagate  into  the  beam 
pipe.  In  this  case  its  impedance  Incomes  small  as  well  as 
its  impact  on  the  beam.  Examples  of  such  shapes  are 
single-cell  superconducting  cavities  developed  at  Cornell 
[5]  andatKEK  [6]. 

In  this  paper  we  present  the  2-cell  superconducting 
cavity  shape  with  propagating  dipole  modes  in  the 
presence  of  the  twin-coaxial  coupler.  2D  codes  SLANS 
and  SLANS2  [7]  were  used  to  optimize  the  cavity  shape. 
The  3D  MWS  4.0  code  was  used  to  verify  the  obtained 
results,  to  optimize  the  coupler  and  to  study  the  dipole 
modes  in  the  presence  of  the  coupler.  More  details  about 
the  optimization  can  be  found  in  [8]. 

2  CELL  SHAPE  OPTIMIZATION 

Having  the  same  frequency  as  in  the  TESLA  project  [9] 
and  planning  to  use  TESLA-like  multi-cell  cavities  in  die 
main  linac  of  the  ERL,  we  first  chose  the  shape  of  the  2- 
cell  cavity  also  TESLA-like  (Fig.  la).  However,  it  turned 
out  that  this  geometry  has  a  trapped  dipole  mode.  In  order 
to  allow  this  mode  to  propagate  into  the  beam  pipe  we 
decided  to  use  the  KEK  approach  by  enlarging  one  of  the 
beam  pipes.  We  chose  the  inner  radius  of  one  of  the  beam 
pipes  and  the  radius  of  the  iris  equal  to  these  of  TESLA. 
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Scaling  of  .the  KEK  single-cell  dipole-mode-free  cavity 
gave  us  bigger  inner  radii.  A  decrease  of  the  inner  iris 
radius  increases  the  frequency  of  the  dipole  mode 
significantly,  so  we  stayed  at  the  TESLA  value  for  the 
inner  iris  radius.  The  larger  beam  pipe,  right-hand  one  on 
the  Figs,  lb  and  Ic,  serves  for  propagating  the  dipole 
mode  out  from  the  cavity.  The  right  iris  (Fig.  Ic)  secures 
identity  of  fields  in  both  cells  but  does  not  preclude  the 
coupling  of  the  dipole  mode  vwth  the  beam  pipe. 

We  analyzed  the  influence  of  different  cavity 
dimensions  on  the  TEl  1-mode  frequency,  on  the  maximal 
values  of  the  surface  fields,  electric  and  magnetic,  and  on 
the  value  of  RjQ  of  the  fundamental  mode. 


30-40  MV/m,  the  impact  energy  is  about  only  26  eV, 
which  is  too  low  to  warrant  electron  multipacting.  For  the 
original  TESLA  shape,  resonant  trajectories  also  exist 
with  an  average  impact  energy  of  32  eV  that  also  is  taken 
as  a  low  value, 

3  COUPLER  SHAPE  OPTIMIZATION 

Fig.  2  shows  the  geometry  of  the  cavity  with  a  twin- 
coaxial  coupler  and  some  details  of  the  coupler.  Because 
the  ERL  injector  cavity  coupler  has  to  transfer  an  average 
power  of  100  kW,  we  have  decided  to  use  a  60  mm 
diameter  outer  conductor  [4].  To  minimize  losses  in  the 
inner  conductor  we  chose  an  impedance  of  60  Ohm.  A 
shape  of  the  antenna  tips  presents  a  bended  elliptic  disc. 
Parameters  of  this  disc  were  found  from  two 
requirements:  to  keep  the  dipole  mode  frequency  as  high 
as  possible,  and  provide  necessary  coupling  with  the 
cavity.  The  bending  of  the  disc,  for  example,  increases 
coupling  by  20  %  as  compared  with  a  flat  disc. 


Fig.  1.  a)  Geometry  with  a  trapped  dipole  mode  (TESLA- 
like),  b)  KEKB  geometry  with  a  propagating  dipole  mode, 
c)  Optimized  geometry  for  the  ERL  injector  with  a 
propagating  dipole  mode. 


The  frequency  of  the  dipole  (TEl  1-like)  mode  was  kept 
at  least  10  MHz  higher  than  the  cut-off  frequency  of  the 
beam  pipe.  The  right  iris  has  the  same  inner  radius  as  the 
left  pipe.  The  bigger  right-hand  beam  pipe  radius  causes 
negligible  asymmetry  of  the  fundamental  mode 

Even  having  strong  restrictions  upon  the  frequency  of 
the  dipole  mode,  we  have  found  main  cavity  parameters 
being  not  much  different  from  those  of  the  TESLA  cavity. 
This  can  be  explained  by  an  additional  freedom:  we  have 
no  limitations  to  the  cell  length.  As  one  can  see  (Fig.  1), 
the  injector  cavity  has  a  thicker  iris  than  in  TESLA.  This 
is  connected  with  the  quest  for  higher  frequency  of  the 
dipole  mode.  The  cell-to-cell  coupling  is  weaker  (0.7  %) 
but  still  sufficient  for  2  cells. 

The  simulation  code  MultiPac  [10]  is  used  to  check 
multipacting  characteristic  of  the  optimized  cavity.  This 
cavity  shape  is  free  of  multipacting  according  to  the 
criteria  of  this  code.  Though  the  resonant  motion  of 
electrons  can  take  place  at  peak  surface  electric  fields  of 


Fig.  2.  Geometry  of  the  cavity  vdih  the  fundamental  mode 
excited  in  it  and  details  of  the  coupler. 

The  coupling  is  adjustable  by  changing  the  depth  of 
penetration  of  the  antenna  tip  (Fig.  3).  The  edges  of  the 
cross-sections  between  the  outer  tube  of  the  coaxial  line 
and  the  beam  pipe  are  rounded  with  a  radius  of  4  mm. 
This  helps  to  exclude  high  values  of  electric  field  on  the 
surface  and  increases  coupling,  but  decreases  the  dipole 
mode  frequency.  Finally  (see  Fig.  2),  the  smaller  radius  of 
the  elliptic  cross-section  and  the  ratio  of  its  half-axes  were 


-20  -15  -10-5  0 

depth,  mm 


Fig.  3.  Dependence  of  gext  on  the  depth  of  antenna 
penetration  measured  relative  to  the  inner  cavity  iris. 
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The  final  value  Gext  “  4.08  X  10"^  satisfies  the  specified 
requirements.  The  value  of  the  R/Q  obtained  with  MWS  is 
218  Ohm. 

The  value  of  the  transverse  kick  is  recalculated  in 
comparison  with  the  previous  estimation  [4],  because  the 
position  of  the  coupler  had  changed  from  the  large  beam 
pipe  to  the  narrow  one,  and  geometry  of  the  antenna  tip 
had  changed  as  well.  For  geometric  asymmetry  A/  in 
penetration  of  the  antenna  tip  when  the  penetration  is 
maximal,  the  kick  is 

(Ap,/Ap,),„  =(-0.2-2.2()-10^  A/ /mm, 
where  A/?,  is  the  change  of  the  transverse  momentum, 
and  A/7;  is  the  change  of  the  longitudinal  momentum  of 
particles  after  passing  the  cavity  along  its  axis.  For  phase 
asymmetry  A^  between  two  antennas  the  kick  is 

(Ap,  /Ap,  =  (1.1  -  0.7/) .  10-^  A?)  /degree. 

The  kick  now  is  about  3  times  bigger  than  in  the 
previous  calculation  but  still  quite  tolerable. 

4  PROPERTIES  OF  THE  DIPOLE  MODE 

We  maintained  the  condition 

Af  CTEI  1)  =  /(TEl  1)  -  >  10  MHz 

for  the  dipole  mode  by  optimizing  the  cavity  shape  to 
secure  adequate  propagation.  Calculation  with  both 
SLANS2  and  MWS  code  gave  Af(TEl)-10.0  MHz  for 
the  final  shape. 

When  two  coaxial  couplers  are  added  to  the  geometry, 
degeneracy  of  the  dipole  mode  is  cancelled,  and  the  mode 
splits  into  2  modes:  parallel  and  transverse  mode  (with  the 
electric  field  in  the  cavity  parallel  or  perpendicular  to  the 
coaxial  line).  Their  frequencies  changed  from  the  original 
one  but  still  stayed  high  enough  over  the  cut-off 
frequency.  These  frequencies  depend  on  the  coupler 
geometry,  and  on  the  boundary  condition  at  the  end  of  the 
larger  beam  pipe.  The  frequency  of  the  parallel  mode 
depends  also  on  the  boundary  condition  at  ^e  ends  of  the 
coaxial  line.  This  means  that  the  parallel  mode  is  excited 
not  only  in  the  larger  beam  pipe  but  in  the  coaxial  line 
also  and  thus  has  all  the  more  low  external  g.  With  the 
method  described  in  detail  in  [4]  and  extended  for  circular 
waveguides,  the  value  of  gext  of  the  parallel  dipole  mode 
was  found  as  gext,p  =  250.  The  transverse  dipole  mode  has 
lower  frequency  than  the  initial  value  (without  input 
coupler)  but  still  propagates  into  the  beam  pipe  and  has 

eexu~1000. 

5  CONCLUSIONS 

Optimization  of  the  superconducting  2-cell  cavity- 
coupler  system  for  the  ERL  injector  was  performed  using 
the  MWS  4.0  and  SLANS  software  pacl^ges  to  produce 
dipole-mode-free  and  kick-free  cavity.  Main  parameters 
of  the  cavity  are  presented  in  Table.  The  completion  of 
calculations  allows  us  to  begin  production  of  the  injector 
cavity  with  the  twin-coaxial  coupler. 


Table.  Calculated  parameters  of  the  2-cell  cavity 
with  the  twin-coaxial  coupler. 


Fundamental  Ti-mode  frequency 

1300  MHz 

^pk  /^acc 

1.94 

42.8  Oe/(MV/m) 

Coupling  cell  to  cell 

0,7% 

R/Q  ,  fundamental  mode  (FM) 

218  Ohm 

,  FM,  required  range 

4.6x10“... 4.  IxlO’ 

,  FM,  penetration  depth  of 
the  antenna  =  0. .  .-15  mm 

4.1x10“.. .4.6x10^ 

p ,  dipole  mode,  parallel 

250 

gg^j  j ,  dipole  mode,  transverse 

1000 
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Abstract 

Cornell  University,  in  collaboration  with  Jefferson  Lab¬ 
oratory,  has  proposed  the  construction  of  a  100  MeV,  100 
itiA  CW  Energy  Recovery  Linac  (ERL)  prototype,  to  study 
and  resolve  the  many  accelerator  physics  and  technology 
issues  of  this  type  of  machine.  The  long  term  goal  of  this 
work  is  the  construction  of  a  state-of-the-art  5  to  7  GeV 
ERL-based  synchrotron  light  source,  A  key  element  of 
this  machine  is  a  high  brightness  injector  with  every  bunch 
filled  (77  pC/bunch  at  1300  MHz).  We  report  the  design  of 
a  versatile  injector  for  the  prototype  ERL  which  also  meets 
the  requirements  for  a  full  energy  light  source.  The  injector 
uses  a  very  high  voltage  DC  photoemission  electron  gun 
with  a  GaAs  photocathode  and  a  conventional  bunching 
cavity.  A  cryomodule  with  five  two-cell  superconducting 
RF  cavities  allows  energies  between  5  and  15  MeV  to  be 
delivered,  with  an  average  beam  power  of  500  kW  limited 
by  the  installed  RF  power.  Thorough  simulations,  using 
realistic  particle  distributions  at  the  photocathode,  indicate 
this  injector  should  provide  a  normalized  rms  transverse 
emittance  approaching  1  mm-mrad,  and  an  rms  longitu¬ 
dinal  emittance  of  10  keV-degrees.  Operation  at  reduced 
bunch  charge  will  provide  a  smaller  transverse  emittance, 
until  aberrations  and  the  time  dependence  of  the  RF  fields 
impose  limitations. 

INTRODUCTION 

There  is  considerable  current  interest  in  developing 
ERLs  as  driver  accelerators  for  the  production  of  syn¬ 
chrotron  radiation.  The  transverse  and  longitudinal  emit- 
tances  of  the  full  energy  beam  in  such  accelerators  are  not 
limited  to  the  equilibrium  values  that  prevail  in  similar  en¬ 
ergy  storage  rings,  but  rather  are  determined  by  the  emit- 
tances  produced  in  the  injector  and  any  growth  during  sub¬ 
sequent  acceleration  and  transport.  In  principle,  an  ERL- 
based  light  source  should  deliver  high  flux  X-ray  beams 
with  beam  brightness  much  higher,  and  pulse  durations  far 
shorter  than  those  available  from  storage  rings. 

Many  accelerator  physics  and  technology  issues  must  be 
quantitatively  understood  before  the  construction  of  a  full 
scale  ERL  light  source  can  be  responsibly  proposed.  To 
address  and  resolve  these  issues,  Cornell,  in  collaboration 
with  Jefferson  Lab,  has  proposed  the  construction  of  a  low 
energy,  full  current  ERL  prototype  [1].  The  injector  is  a 
key  element  of  this  small  accelerator.  It  must  deliver  a  high 
average  current  beam  with  very  small  transverse  and  longi- 
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tudinal  emittances,  at  a  sufficiently  high  energy  that  space 
charge  effects  are  under  control.  Since  our  proposal  was 
written,  we  have  developed  a  complete  design  for  this  in¬ 
jector.  The  performance  of  this  design  has  been  modeled 
in  detail.  The  code  ASTRA  [2]  was  used  to  model  the 
beam  propagation  from  the  photocathode  through  the  in¬ 
jector  cryomodule.  Since  bend  magnets  are  not  included 
in  ASTRA,  PARMELA  [3]  was  used  to  model  through  the 
magnets  that  merge  the  injector  beam  with  the  full  energy 
recirculated  beam  at  the  main  linac  entrance.  Coherent 
synchrotron  radiation  (CSR)  effects  in  the  merger  magnets 
were  modeled  with  elegemt  [4].  We  present  here  the  de¬ 
tailed  injector  design,  and  various  simulation  results.  These 
indicate  that  this  injector  design  will  deliver  a  100  mA  av¬ 
erage  current  beam  with  very  low  transverse  and  longitudi¬ 
nal  emittances.  The  emittance  is  significantly  improved  at 
reduced  bunch  charge, 

INJECTOR  DESIGN 

The  ERL  will  use  the  established  TESLA  SRF  technol¬ 
ogy  at  1300  MHz,  100  mA  average  current  corresponds  to 
77  pC/bunch.  We  will  use  a  DC  photoemission  gun  oper¬ 
ating  at  500  to  750  kV  to  deliver  this  current.  The  cathode 
electrode  has  a  20°  cone  angle  for  transverse  focusing.  A 
negative  electron  affinity  GaAs  photocathode  offers  high 
quantum  efficiency  and  a  low  thermal  emittance.  The  cath¬ 
ode  is  illuminated  by  a  780  nra,  harmonically  mode-locked 
Ti:  sapphire  laser  providing  a  1300  MHz  train  of  ^  45  ps 
FWHM  duration  pulses  [5].  The  optical  beam  at  the  pho¬ 
tocathode  will  be  shaped  to  a  near-flattop  transverse  profile 
by  refractive  optics  [6],  and  will  have  a  Gaussian  longitu¬ 
dinal  profile. 

The  center  of  the  first  solenoid  is  located  ~  29  cm  down¬ 
stream  of  the  photocathode,  after  an  RF  shielded  gate  valve. 
A  single  cell  buncher  cavity,  adapted  from  the  PEP-II  cell 
design  [7],  is  used  for  conventional  drift  bunching.  The 
center  of  this  cell  is  50  cm  from  the  center  of  the  first 
solenoid.  A  second  solenoid  follows  the  buncher  cavity. 

Acceleration  to  the  full  injector  energy  is  provided  by  a 
cryomodule  containing  five  two-cell  SRF  cavities  [8].  The 
center  of  the  first  cavity  is  1  m  downstream  from  the  center 
of  the  buncher  cavity.  These  two-cell  cavities  were  care¬ 
fully  designed  to  assure  that  harmful  dipole  higher-order 
modes  propagate  through  the  beam  pipe  to  ferrite  HOM 
loads  [9].  Beam  energy  is  not  recovered  in  the  injector. 
With  an  energy  gain  of  5  MeV  in  the  injector  cryomodule, 
each  cavity  delivers  100  kW  of  average  beam  power.  Each 
cavity  has  two  coaxial  couplers,  to  minimize  the  coupler 
kick  and  keep  the  power  delivered  per  coupler  at  a  con- 
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servative  50  kW.  The  couplers  are  variable,  allowing  the 
external  Q  to  be  changed.  This  feature  allows  operation  at 
higher  injector  energy  and  reduced  average  current,  subject 
only  to  the  limitation  imposed  by  the  500  kW  of  installed 
injector  RF  power.  We  will  explore  injector  performance 
over  an  energy  range  of  5  to  15  MeV. 

Three  sector  dipoles  with  equal  bend  angles  merge  the 
injected  beam  with  the  full  energy  single  pass  recirculated 
beam.  We  have  calculated  the  effects  of  space  charge  and 
CSR  through  these  merger  magnets,  to  completely  charac¬ 
terize  the  injector  beam  at  the  entrance  to  the  main  linac. 
Fig.  1  gives  a  schematic  view  of  the  full  injector. 


position  (m) 

Figure  3:  Rms  bunch  length  and  rms  energy  spread  in  the 
injector  for  77  pC/bunch,  11  MeV  final  energy. 


Figure  1:  Injector  schematic. 


PARAMETERS  AND  MODELING 

We  have  explored  a  broad  range  of  operating  parameters 
for  the  injector  elements,  but  have  not  yet  done  a  final  op¬ 
timization.  Rather,  we  have  sought  to  demonstrate  a  mod¬ 
eled  performance  significantly  better  than  required  for  the 
proposed  ERL,  as  a  solid  proof-of-principle  that  our  per¬ 
formance  requirements  can  be  met. 

Initial  ASTRA  modeling  was  done  with  a  small  num¬ 
ber  of  macroparticles,  and  a  "tophat”  transverse  distribu¬ 
tion  and  zero  thermal  emittance  at  the  cathode,  to  quickly 


position  (m) 


Figure  2:  Rms  normalized  emittance  and  rms  beam  size  for 
77  pC/bunch  for  different  kinetic  energies  at  the  end  of  the 
injector:  a)  6  MeV,  b)  11  MeV,  and  c)  15  MeV 


determine  the  best  value  ranges  for  the  fields  of  the  two 
solenoids  and  the  buncher.  Modeled  fields  were  used  for 
the  gun,  solenoids,  and  buncher  and  accelerator  cavities. 

Following  the  survey  runs,  detailed  ASTRA  solutions 
were  developed  at  several  different  injector  energies,  us¬ 
ing  5000  macroparticles.  For  these  cases,  the  Fermi-Dirac 
distribution  of  Ref.  6  with  a  /?  value  of  15  was  used  for  the 
transverse  distribution  at  the  cathode.  The  thermal  emit¬ 
tance  due  to  an  effective  cathode  temperature  of  35  meV, 
as  measured  for  GaAs  photocathodes,  was  used  in  all  cases 
[10]. 

ASTRA  modeled  beam  from  the  photocathode  to  3  m 
after  the  cryomodule.  As  the  superconducting  cavity  en¬ 
ergy  gain  increases,  the  RF  focusing  in  the  first  cavity  also 
increases.  To  obtain  solutions  with  reasonable  behavior  of 
the  beam  envelope,  the  illuminated  spot  size  at  the  cath¬ 
ode  was  decreased  as  the  energy  was  increased.  We  found 
well-behaved  solutions  from  6  to  15  MeV,  with  normalized 
transverse  emittances  below  about  1  mm-mrad  and  longi¬ 
tudinal  emittances  about  10  keV-degrees.  Three  such  solu¬ 
tions  are  shown  in  Fig.  2.  Typical  bunch  length  and  energy 
spread  in  the  injector  are  shown  in  Fig.  3. 

Emittance  growth  due  to  space  charge  through  the 
merger  magnets  was  modeled  with  PARMELA.  The  Twiss 


injection  kinetic  energy  (MeV) 


Figure  4:  Emittance  growth  in  the  merger  due  to  space 
charge  for  different  injection  energies.  Initial  rms  normal¬ 
ized  emittance  is  taken  to  be  1  mm-mrad. 
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parameters  at  the  entrance  to  the  merger  were  selected  to 
obtain  reasonable  beam  envelopes  in  the  main  linac,  where 
the  initial  RF  focusing  is  very  strong  due  to  the  very  high 
(20  MV/m)  accelerating  gradient,  particularly  at  the  lowest 
injector  energy.  The  results  are  given  in  Fig.  4.  Reducing 
the  gradient  in  the  first  main  linac  cavity,  or  operating  at 
higher  injection  energies  will  reduce  the  emittance  growth 
through  the  merger  system. 

CSR  effects  through  the  merger  magnets  were  modeled 
with  elegant  for  a  15  MeV,  0.6  mm  long  bunch  as  a  func¬ 
tion  of  the  bend  angle  of  the  merger  dipoles.  No  shielding 
effects  were  included.  The  results  are  shown  in  Fig.  5.  We 
will  use  a  15°  bend  angle  for  the  merger  magnets.  The 
emittance  growth  depends  strongly  on  the  bunch  length  at 
the  entrance  of  the  merger  system.  The  bunch  length  for 
these  simulations,  as  determined  from  the  previous  ASTRA 
runs,  varied  between  2  and  3  ps.  The  optimum  bunch  length 
for  a  full  scale  ERL  has  not  yet  been  determined.  The  sim¬ 
ulations  here  apply  to  the  case  where  the  synchrotron  ra¬ 
diation  critical  wavelength  is  much  shorter  than  the  bunch 
length.  Some  reduction  in  the  effect  is  possible  at  the  low¬ 
est  injector  energy,  where  the  critical  wavelength  is  the 
longest. 

Operation  of  the  full  energy  ERL  with  reduced  emit¬ 
tance,  obtained  by  reducing  the  bunch  charge,  will  be  im¬ 
portant  for  some  applications.  By  reducing  the  bunch 
charge  a  factor  of  ten,  we  have  obtained  a  significantly 
smaller  final  emittance,  as  shown  in  Fig.  6.  While  the  ther- 
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Figure  5:  Emittance  growth  in  the  merger  due  to  CSR  for 
77-pC  bunch  as  a  function  of  rms  bunch  length  (top)  and 
dipole  bend  angle  for  0.6-mm  bunch  (bottom).  Initial  rms 
normalized  emittance  is  taken  to  be  1  mm-mrad. 


Figure  6:  Rms  normalized  emittance  and  rms  beam  size  for 
8  pC/bunch.  Dotted  line  shows  emittance  in  case  of  zero 
thermal  emittance  at  the  photocathode.  Kinetic  energy  at 
the  end  of  the  injector  is  6  MeV. 

mal  emittance  of  the  cathode  is  a  noticeable  contribution  in 
this  case,  space  charge  remains  the  major  source  of  emit¬ 
tance  growth.  We  plan  to  conduct  further  optimizations  for 
the  low  emittance,  reduced  bunch  charge  case. 

CONCLUSIONS 

Based  on  the  simulations  we  have  conducted  to  date,  we 
are  confident  that  our  ERL  injector  design  will  deliver  a 
beam  with  rms  normalized  transverse  and  rms  longitudi¬ 
nal  emittances  of  about  1  mm-mrad  and  10  keV-degrees. 
The  strong  RF  focusing  in  the  initial  cavity  of  the  injec¬ 
tor,  and  again  in  the  first  cavity  of  the  main  linac,  com¬ 
plicates  finding  the  optimum  parameters.  We  plan  to  con¬ 
duct  a  more  complete  exploration  of  all  parameters  using 
computer-aided  optimization  routines. 
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EMITTANCE  GROWTH  DUE  TO  THE  FIELD  ASYMMETRY  IN  THE  TTF 

RE  GUN 

J.-P.  Cameiro*,  DESY,  Hamburg,  Germany 


Abstract 

This  paper  reports  the  effect  on  the  transverse  emittance 
of  the  multi-pole  field  components  due  to  the  input  coupler 
of  the  TTF  RF  gun.  ASTRA  simulations  with  3D  fields 
from  CST  Micro  Wave  Studio  (MWS)  are  presented  for  a 
typical  operation  of  the  Fermilab  photo-injector  at  1  nC. 

INTRODUCTION 

The  Tesla  Test  Facility  (TTF)  RF  gun  has  been  devel¬ 
oped  by  Fermilab  as  a  contribution  to  the  TTF  collabora¬ 
tion.  The  gun  consists  in  a  1.625  cells  cavity  resonating  in 
the  TMoio,7r  mode  at  a  frequency  of  1.3  GHz.  It  is  feed 
through  a  waveguide  connected  to  the  full  cell  by  a  cou¬ 
pling  slot.  Previous  studies  [1],  [2]  reported  that  this  side 
coupling  into  the  full  cell  induces  a  field  asymmetry  which 
deteriorates  significantly  the  transverse  emittance. 

In  the  studies  presented  in  this  paper,  we  used  the  new 
implementation  of  the  ASTRA  code  ([3],  [4])  which  al¬ 
lows  3D  electric  fields  to  be  read  instead  of  the  usual  2D 
fields.  In  this  case,  the  6  components  of  the  electric  field 
are  taken  every  millimeter  around  and  along  the  longitudi¬ 
nal  axis  (+/- 10  mm  in  X  and  Y,  and  250  mm  in  Z).  In  or¬ 
der  to  cross-check  this  new  implementation,  we  compared 
first,  for  a  symmetric  RF  gun  (without  coupler),  the  AS¬ 
TRA  beam  dynamics  using  2D  fields  from  Superfish  [5] 
and  3D  fields  from  CST  MicroWave  Studio  (MWS)  [6]. 
Then,  we  developed  a  MWS  version  of  the  RF  gun  in¬ 
cluding  the  coupler  and  the  waveguide  and  exported  the 
3D  fields  into  ASTRA.  As  a  benchmark,  we  considered  a 
typical  FNPL  photo-injector  operation  at  1  nC.  This  photo¬ 
injector  is  a  duplicate  of  the  one  that  was  installed  at  DESY 
Hamburg  for  the  phase  I  of  TTF. 

SYMMETRIC  RF  GUN 

A  symmetric  model  of  the  RF  gun  has  been  first  built 
using  Superfish  and  is  represented  in  Figure  1(a).  Several 
iterations  have  been  necessary  in  order  to  determine  the  di¬ 
ameters  of  the  hall  and  full  cells  (resp.  0^^  and  0^^) 
which  lead  to  a  frequency  of  the  7r-mode  (/^)  close  to  1.3 
GHz  with  a  field  flatness  (a  =  near  unity.  In 

the  model  showed  in  Figure  1(a),  0^^  =  178.387  mm  and 
0^^  =  178.47  mm  were  used  leading  to  =  1300.009 
MHz  and  a  =  0.99  .  The  cavity  internal  quality  factor  was 
Qo  =  23665. 
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(a) 


(b) 


Figure  1:  Symmetric  model  of  the  RF  gun  using  (a)  Super¬ 
fish  and  (b)  MicroWave  Studio. 


In  order  to  compare  the  MWS  fields  with  the  ones  pro¬ 
duced  by  Superfish,  a  MWS  model  of  the  symmetric  RF 
gun  has  been  built  (Figure  1(b))  using  the  same  dimen¬ 
sions  than  those  used  with  Superfish.  The  comparison  is 
shown  in  Figure  2.  As  we  will  discuss  in  Figure  6,  the  fields 
and  electrical  characteristics  of  the  cavity  (/^,  a,  Qo)  pro¬ 
duced  by  MWS  were  found  to  be  strongly  dependant  with 
the  size  of  the  quadratic  mesh  used  for  the  runs.  Here  a 
fine  mesh  has  been  used  in  MWS  (Ax  —  Az  =  4  mm, 
Ay  =  2  mm),  leading  to  =  1299.82  MHz  ,  a  =  0.99 
and  Qo  =  22082,  close  to  the  Superfish  results. 
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Figure  2:  Comparison  between  Superfish  and  MWS  of  the 
longitudinal  electric  field  on  axis  for  the  symmetric  model 
of  the  RF  gun 
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RF  GUN  WITH  COUPLER 

A  layout  of  the  MWS  model  of  the  RF  gun  with  the  cou¬ 
pler  and  waveguide  is  shown  in  Figure  3.  A  description  of 
the  coupler  is  presented  in  [7]. 
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Figure  3:  MWS  model  of  the  TTF  RF  gun  with  coupler. 


Computation  of  the  external  Q 

We  tuned  the  asynometric  RF  gun  by  slightly  decreasing 
the  diameter  of  the  cells  with  MWS  in  order  to  obtain  a  res¬ 
onant  frequency  of  1.3  GHz,  with  a  field  flatness  a  =  1  and 
a  coupling  =  QojQext  =  1*  The  internal  quality  factor 
Qo  was  computed  directly  by  MWS  and  we  used  the  Kroll- 
Yu  method  [8]  to  compute  the  Q  external  {Qext)  of  the  cav¬ 
ity.  In  this  method,  a  resonant  curve  of  the  phase  shift  along 
the  waveguide  vs.  the  frequency  of  the  7r-mode  is  mapped 
out,  as  shown  in  Figure  4.  The  slope  of  the  curve  multiplied 
by  one  half  of  the  resonant  frequency  results  in  Qext-  Af¬ 
ter  several  iterations,  we  obtained:  =  1300.054  MHz, 

a  =  1.03  and  p  =  1.7  for  a  fine  mesh  (A^  =  =  4  mm. 

Ay  =  2  mm),  the  RF  gun  being  slightly  overcoupled. 


Figure  4:  Phase  shift  vs.  frequency  (F7.e5=1.3  GHz). 

Figure  5  compares  the  longitudinal  component  of  the 
electric  field  Ez  taken  along  the  Y  axis  (axis  of  the  cou¬ 
pler),  dX  z  =  138.5  mm  and  x  =  0  (middle  of  the  coupler) 
for  the  case  of  a  symmetric  and  asymmetric  RF  gun.  Both 


Y  axis  [mm] 


Figure  5:  Longitudinal  electric  field  on  the  coupler  axis. 

simulations  were  done  with  a  fine  mesh.  From  these  simu¬ 
lations,  we  can  see  that  the  coupler  does  not  induce  a  shift 
of  the  electric  field  Ez> 

IMPACT  ON  BEAM  DYNAMICS 

In  the  FNPL  photo-injector  setup,  the  RF  gun  is  sur¬ 
rounded  by  3  solenoids  (a  primary,  a  secondary  and  a  buck¬ 
ing  to  zero  the  magnetic  field  on  the  cathode)  and  is  fol¬ 
lowed  by  a  9-cell  superconducting  cavity.  We  stopped  our 
simulations  at  2:  =  3.8  m,  i.e  at  the  exit  of  the  9-cell.  A  de¬ 
scription  of  the  entire  FNPL  beam  line  is  presented  in  [9]. 
In  the  ASTRA  simulations  presented  here,  we  considered 
a  typical  operation  of  the  FNPL  photo-injector  at  1  nC.  We 
used  a  uniform  transverse  and  longitudinal  distribution  of 
the  laser  beam  of  5000  macro-particles  with  respectively 
a  diameter  of  3  mm  diameter  and  a  length  of  1 1  ps.  The 
three  solenoids  were  set  at  260  A,  implying  a  peak  mag¬ 
netic  field  of  1321  Gauss  and  a  residual  magnetic  field 
on  the  photo-cathode  of  ^  62  Gauss.  In  the  case  of  a  sym¬ 
metric  RF  gun  using  the  Superfish  electric  fields  (ASTRA- 
2D),  the  peak  field  at  the  cathode  was  40  MV/m  resulting 
in  a  kinetic  energy  of  the  beam  at  the  exit  of  the  booster  of 
Ek  =  17.27  MeV  for  a  launch  phase  of  40°.  The  accelerat¬ 
ing  field  on  the  9-cell  cavity  was  12  MV/m  with  a  phase  of 
~  10°  off-crest  to  minimize  the  energy  spread  (  rsj  26  keV). 
In  the  case  of  ASTRA-3D  simulations  using  the  3D  elec¬ 
tric  fields  from  MWS,  the  peak  field  on  the  cathode  was 
lowered  (Eq  =  38.7  MV/m  for  the  symmetric  RF  gun  and 
=  39.0  MV/m  for  the  RF  gun  with  coupler)  in  order  to 
match  the  energy  given  by  ASTRA-2D. 

Case  symmetric  RF  Gun 

Figure  6  shows  that  in  the  case  of  a  symmetric  RF  gun 
using  the  2D  electric  fields  from  Superfish  (Figure  1(a)), 
the  transverse  emittance  of  the  beam  zx  z  ~  3.8  m  is 
symmetric  at  €x  —  €y  =  2.3  mm-mrad.  It  is  interest¬ 
ing  to  notice  that  when  using  the  3D  fields  from  MWS, 
the  emittance  converges  with  the  size  of  the  mesh  used  for 
the  MWS  simulations  to  reach  a  very  good  agreement  with 
the  ASTRA-2D  simulation.  In  fact,  for  the  same  geome- 
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try  (Figure  1(b)),  the  emittance  lowers  from  =  18 

mm-mrad  to  Sx  —  Cy  =  2.S  for  a  mesh  size  in  MWS  of 
resp.  Ax  =  =  10  mm.  Ay  =  5  mm  and  A^  =  A;^  =  4 

mm,  Ay  =  2  mm.  A  smaller  mesh  size  in  MWS  leads  to  a 
better  accuracy  of  the  electric  field  but  at  a  price  of  a  much 
longer  simulation  run. 


2[m] 


Figure  6:  ASTRA  simulation  for  a  typical  1  nC  operation 
of  the  FNPL  photo-injector  with  a  symmetric  RF  gun  us¬ 
ing  2D  electric  fields  from  Superfish  and  3D  electric  fields 
from  MWS  (for  different  mesh  sizes). 


Case  RF  Gun  with  coupler 

In  the  case  of  an  RF  gun  with  coupler,  we  had  no  time 
to  do  a  convergence  study  of  the  emittance  with  respect 
to  the  mesh  size  in  the  MWS  runs.  We  used  a  mesh  size 
of  Ax  =  A^  =  4  mm.  Ay  =  2  mm  in  the  same  order 
of  the  one  that  showed  a  good  convergence  in  the  case  of 
the  symmetric  RF  gun.  In  this  case.  Figure  7  reports  an 
emittance  ex  =  2.5  mm-mrad  and  Sy  =  2.45  mm-mrad 
when  using  3D  fields  from  MWS.  For  comparison,  we  re¬ 
ported  also  in  Figure  7  the  ASTRA-2D  simulation  using  the 
symmetric  RF  gun.  These  simulations  show  an  increase  of 
the  emittance  in  the  case  of  an  RF  gun  with  coupler  com¬ 
pared  to  the  symmetric  RF  gun  of  Acx  =  0.2  mm-mrad 
and  Aey  =  0.15  mm-mrad.  We  suspect  this  increase  of  the 
emittance  to  be  due  either  from  the  coupler  kick  or  from  the 
mesh  used  in  the  MWS  runs.  A  study  of  the  convergence 
of  the  emittance  for  finer  mesh  size  in  MWS  runs  in  the 
case  of  an  RF  gun  with  coupler  is  necessary  to  solve  this 
dilemma. 

CONCLUSION 

ASTRA  simulations  showed  an  increase  of  the  emit¬ 
tance  of  ~  10%  for  a  typical  operation  of  the  FNPL  photo¬ 
injector  at  1  nC  in  the  case  of  an  RF  gun  with  coupler  com¬ 
pared  to  a  symmetric  RF  gun.  These  simulations  have  been 
done  using  the  new  feature  of  the  ASTRA  simulation  code 
that  allows  the  use  of  3D  electric  fields.  These  fields  were 
obtained  using  MicroWave  Studio  and  it  has  been  shown 


Figure  7:  ASTRA  simulation  for  a  typical  1  nC  operation 
of  the  FNPL  photo-injector  using  2D  electric  fields  from 
Superfish  (symmetric  RF  gun)  and  3D  electric  fields  from 
MWS  (RF  gun  with  coupler). 

that  the  higher  the  accuracy  (i.e  the  finer  mesh)  on  the  elec¬ 
tric  field  the  smaller  the  emittance. 

More  work  needs  to  be  done  to  determine  if  this  increase 
of  10%  comes  from  the  coupler  kick  or  from  the  accuracy 
of  MWS  on  the  electric  field.  If  it  comes  from  the  coupler 
kick,  then  this  increase  will  be  5  times  smaller  than  the  one 
presented  in  reference  [2]. 
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Abstract 

During  the  TTF-FEL  Phase  I,  the  RF  gun  of  the  TESLA 
Test  Facility  (TTF)  has  been  operated  with  long  RF  pulses 
(up  to  0.9  ms)  and  high  RF  peak  power  (up  to  3  MW).  RF 
breakdowns  have  been  observed  and  locdized  in  the  RF 
input  coupler.  In  this  report  we  will  present  statistics  of  RF 
breakdowns  for  different  RF  pulse  length,  peak  power  and 
repetition  rates  from  0.1  Hz  to  2  Hz.  We  will  also  discuss 
the  origin  of  these  breakdowns. 

INTRODUCTION 

Fermilab  has  developed  and  delivered  to  DESY  two  RF 
guns  for  the  operation  of  phase  1  of  the  TESLA  Test  Facil¬ 
ity  (TTF)  linear  accelerator.  The  first  RF  gun  (designated 
G3  in  the  following)  has  been  operated  in  TTF  from  Oc¬ 
tober  1998  to  April  2002.  G3  presented  a  reliable  behav¬ 
ior  with  short  RF  pulses  (<  300  /xs).  However,  for  longer 
RF  pulse  lengths,  the  gun  suffered  more  and  more  from  RF 
breakdowns  reducing  the  effective  beam  time.  At  the  point, 
where  the  breakdown  rate  was  not  acceptable  for  the  test  of 
TESLA  accelerating  structures,  a  second  RF  gun  (G4)  has 
been  installed  in  June  2002.  Gun  G4  has  been  operated  at 
the  Fermilab/NICCAD  photoinjector  test  stand  from  1999 
to  March  2002  with  short  RF  pulses  (typically  30  /xs)  and 
at  DESY  until  November  2002  with  long  RF  pulses  (900 
/xs).  The  forward  power  was  usually  2.8  MW  with  a  rep¬ 
etition  rate  of  1  Hz.  For  this  study,  different  pulse  lengths 
and  repetition  rates  ranging  from  0.1  Hz  to  2  Hz  have  been 
used.  In  contrast  to  the  operation  at  Fermilab,  breakdowns 
have  also  been  observed  with  G4  at  DESY,  fortunately  with 
a  much  lower  rate  than  G3.  This  paper  will  describe  the  de¬ 
pendence  of  the  breakdown  rate  on  the  RF  pulse  length,  for¬ 
ward  power,  and  repetition  rate.  The  origin  of  these  break¬ 
downs  will  be  discussed  as  well. 

RF  GUN  DESCRIPTION 

The  Fermilab  RF  gun  consists  of  a  1  1/2-cell  (1.625) 
OFHC  copper  structure  resonating  in  the  TMoio.tt  mode 
at  1.3  GHz.  It  is  a  high  duty  cycle  RF  gun  designed  to  han¬ 
dle  800  /xs  long  RF  pulses  with  4.5  MW  of  peak  power  and 
at  10  Hz  repetition  rate.  In  this  regime,  an  average  power 
of  36  kW  is  dissipated  in  the  cavity  walls.  This  heat  is  re¬ 
moved  by  water  flowing  in  cooling  channels  machined  in 
the  cavity  walls.  The  cooling  system  allows  a  water  flow  of 
4 1/s  at  a  pressure  of  6  bars. 
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The  RF  is  fed  into  the  cavity  through  a  sideways 
mounted  waveguide  at  the  full  cell  by  a  coupling  slot.  A 
layout  of  the  RF  gun  and  the  coupling  slot  is  shown  in  ref¬ 
erence  [3]. 

BREAKDOWNS  OBSERVATION 

A  layout  of  the  RF  system  of  the  gun  is  presented  in 
Fig.  1.  It  consists  mainly  in  an  oscillator  (1.3  GHz),  a  vec¬ 
tor  modulator,  a  pre-amplifier,  and  a  klystron.  Details  about 
the  feedback  loop  can  be  found  in  [2]  and  [3], 


vectok  preamplifier 

OSCILLATOR  MC0OLATOR  WTCRLOCK  AMPUFIER  KlYSTROH  CIRCIILATOR 


Figure  1:  Layout  of  the  RF  distribution  system. 

As  indicated  in  Fig.  1,  an  interlock  module  is  installed  at 
the  exit  of  the  vector  modulator.  In  case  of  an  interlock  this 
module  stops  the  RF  immediately  within  the  pulse.  Fast 
interlock  channels  are:  a  photo-multiplier  mounted  at  the 
vacuum  side  of  the  RF  input  coupler,  an  electron  detector 
at  the  SFe  side  of  the  RF  window,  reflected  RF  power  from 
the  gun  measured  with  a  diode  through  a  directional  cou¬ 
pler.  Other  slower  interlocks  are:  vacuum  pressure,  SFe 
pressure,  RF  window  temperature. 

If  a  breakdown  occurs,  the  reflected  RF  power  increases 
rapidly.  An  interlock  is  triggered  at  a  threshold  of  150  kW, 
which  inhibits  RF  within  a  /xs.  This  prevents  further  devel¬ 
opment  of  the  breakdown  event  and  limits  damage  to  the 
gun.  This  interlock  does  not  block  the  next  or  further  RF 
pulses  to  reduce  dead  time. 

Breakdown  statistics  is  acquired  by  a  script  interfacing 
the  TTF  control  system.  It  stores  the  RF  pulse  shape  sam¬ 
pled  by  a  1  MHz  ADC.  An  example  of  the  collected  statis¬ 
tics  over  600  pulses  is  shown  in  Fig.  2.  It  shows  a  histogram 
of  the  distribution  of  the  time  of  breakdown  in  respect  to 
start  of  the  RF  pulse.  In  this  example,  10  %  of  the  600  RF 
shots  had  a  breakdown,  which  mostly  occurred  within  30 
/xs. 
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Figure  2:  Example  of  breakdown  statistics.  The  histogram 
shows  the  distribution  of  the  time  of  breakdown  in  respect 
to  start  of  the  RF  pulse.  In  this  example,  10  %  of  the  shots 
had  a  breakdown,  which  mostly  occurred  within  30  fis. 


BREAKDOWNS  STATISTICS 

We  measured  the  dependence  of  the  breakdown  proba¬ 
bility  as  a  function  of  forward  power,  RF  pulse  length,  and 
repetition  rate. 

Figure  3  shows  the  percentage  of  breakdowns  in  respect 
to  the  number  of  RF  pulses,  measured  as  a  function  of  the 
forward  power.  In  this  experiment,  the  RF  pulse  length  is 
500 /zs,  the  repetition  rate  IHz.  In  Fig.  3(a),  a  sharp  ris¬ 
ing  edge  and  in  (b)  a  smooth  rising  edge  of  the  RF  pulse  is 
used.  A  sharp  edge  is  achieved,  when  the  RF  pulse  from 
the  klystron  is  not  modified,  the  amplitude  and  phase  feed¬ 
back  is  switched  off.  The  fill  time  of  the  gun  is  approx. 
3  /zs.  A  smooth  rising  of  75  /zs  is  obtained  by  modeling 
the  forward  power  with  the  low  level  RF  system,  feedback 
loops  closed.  Each  point  of  measurement  in  Fig.  3(a)  is 
the  average  of  two  sets  of  measurements,  each  set  having  a 
statistics  of  600  RF  pulses.  The  arrows  in  Fig.  3(b)  indicate 
the  direction  of  measurement.  From  this  data,  we  deduce 
that  the  breakdown  events  appear  at  a  forward  power  of 
MW.  In  the  case  of  a  sharp  rising  edge,  the  probabil¬ 
ity  of  breakdowns  increases  with  the  forward  power:  from 
^^13%  at  2.2  MW  to  ~24%  at  2.8  MW.  In  the  case  of  a 
smooth  edge,  we  see  a  similar  percentage  of  breakdowns 
up  to  2.3  MW  (about  20  %),  but  then  a  decrease  to  ~  14  % 
occurs  for  higher  forward  powers.  From  this  measurements 
we  deduce,  that  operating  the  gun  with  a  sharp  or  smooth 
rising  edge  of  the  RF  pulse  does  not  impact  the  breakdown 
probability  at  least  up  to  2.3  MW.  The  decrease  of  break¬ 
downs  for  higher  forward  power  is  probably  due  to  further 
conditioning  of  the  gun.  This  is  supported  by  the  observa¬ 
tion,  that  while  reducing  the  RF  power,  much  less  break¬ 
downs  occurred  (circles  following  the  arrows  in  Fig.  3(b)). 

Figure  4  shows  the  breakdown  probability  as  a  function 
of  RF  pulse  length  for  a  constant  forward  power  of  2.2  MW 
and  a  repetition  rate  of  (a)  1  Hz  and  2  Hz,  and  (b)  0. 1  Hz. 
Each  point  represents  a  statistics  of  5  measurements,  each 
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Figure  3:  Breakdowns  statistics  versus  forward  power  for 
an  RF  pulse  length  of  500  yzs,  a  repetition  rate  of  1  Hz  and 
a  (a)  sharp  and  (b)  smooth  RF  pulse  rising  edge. 


Figure  4:  Breakdowns  statistics  versus  the  RF  pulse  length 
for  a  forward  power  of  2.2  MW  and  at  (a)  1  Hz  and  2  Hz 
(b)  0.1  Hz  repetition  rate. 
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measurement  being  a  statistics  over  600  RF  pulses. 

Breakdown  starts  to  show  up  at  an  RF  pulse  length  of 
more  than  100  /zs.  The  breakdown  probability  reaches  a 
maximum  at  600  fis.  This  behavior  has  been  observed  in 
different  measurements;  it  is  therefore  not  due  to  a  condi¬ 
tioning  effect.  Comparing  the  breakdown  rate  for  different 
repetition  rates  (Fig.  4(a)  and  (b)),  it  is  interesting  to  notice, 
that  the  breakdown  rate  is  inversely  proportional  to  the  rep¬ 
etition  rate. 

ORIGIN  OF  BREAKDOWNS 

Piezo-electric  ultrasonic  sensors  are  used  to  locate  the 
breakdowns  in  the  RF  gun  [1].  The  breakdowns  generate 
an  acoustic  signal.  Their  amplitude  and  arrival  time  is  mea¬ 
sured  with  several  sensors  spread  out  over  the  outer  surface 
of  the  gun  and  waveguides.  The  breakdowns  have  been  lo¬ 
cated  in  the  RF  coupling  slot,  between  the  waveguide  and 
the  full  cell. 

Statistics  on  the  breakdowns  observed  during  the  exper¬ 
iments  presented  in  the  previous  section  show  (Fig.  2  as 
an  example),  that  independently  of  the  repetition  rate,  the 
forward  power,  the  pulse  length  or  the  sharpness  of  the  RF 
pulse,  the  breakdowns  occur  mainly  between  the  10th  and 
the  30th  ij,s  of  the  RF  pulse. 

In  the  following,  we  try  to  explain  this  behavior.  Dur¬ 
ing  the  tuning  of  the  RF  gun,  the  coupling  slot  edges  have 
been  kept  sharp.  We  estimate  the  roundness  of  these  edges 
to  be  in  the  order  of  0.1  mm.  HFSS  simulations  show,  that 
in  the  presence  of  RF  power  in  the  gun  cavity,  the  edges 
facing  the  interior  of  the  cavity  are  exposed  to  a  strong  sur¬ 
face  magnetic  field  in  the  order  of  375  kA/m  (for  2.2  MW 
of  RF  power,  900  /zs  pulse  length).  This  magnetic  field  in¬ 
duces  eddy  currents  which  induces  heat.  It  is  dissipated 
into  the  metal  and  induces  stresses.  Figure  5  shows  AN- 
SYS  [4]  simulations  of  the  temperature  and  corresponding 
stress  distribution  in  the  coupling  slot  (part  facing  the  in¬ 
terior  of  the  cavity;  RF  2.2  MW,  900  ^s).  The  peak  tem¬ 
perature  is  420®C  with  a  stress  of  170  MPa.  We  think  that 
the  abrupt  increase  of  the  surface  temperature  of  the  copper 
and  its  associated  stress  is  the  most  probable  reason  for  the 
breakdowns.  In  fact,  we  suspect  field  emission  created  at 
surface  cracks  opened  due  to  the  repetitive  stress.  Multi- 
pactoring  or  sparks  develop,  which  then  led  to  a  reflection 
of  the  incident  power.  Similar  effects  have  been  observed  at 
copper  RF  structures  at  SLAC  and  are  presented  in  details 
in  [5]. 

A  new  design  of  the  coupling  slot  with  more  round  edges 
and  using  tungsten  [6]  could  cure  the  breakdown  problem. 
The  melting  point  of  tungsten  is  three  times  higher  than 
copper. 

CONCLUSION 

RF  breakdowns  have  been  observed  in  the  Fermilab  RF 
gun  for  RF  powers  of  more  than  1  MW  and  RF  pulse  length 
of  more  than  100  /zs.  These  breakdowns  have  been  located 


Figure  5:  ANSIS  simulation  of  the  (a)  temperature  (°C) 
and  (b)  stress  (Pa)  distribution  around  the  coupling  slot 
edge.  Forward  RF  power  =  2.2  MW,  RF  pulse  length  = 
900  fis. 

in  the  coupling  slot  between  the  waveguide  and  the  full 
cell.  They  are  most  probably  caused  by  RF  pulse  heating 
inducing  an  abrupt  temperature  rise  and  the  development  of 
local  stress.  The  breakdown  probability  increases  sharply 
with  the  RF  power  and  does  not  depend  significantly  on  the 
sharpness  of  the  rising  RF  pulse  edge.  The  breakdown  rate 
is  inversely  proportional  to  the  repetition  rate,  going  from 
20  %  at  0.1  Hz  to  8  %  at  2  Hz.  After  the  end  of  the  TTF 
phase  1  runs,  both  RF  guns  have  been  sent  back  to  Fermi¬ 
lab,  where  these  studies  will  be  continued. 
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Abstract 

Since  the  start-up  of  the  laser  driven  rf  gun  based  pho¬ 
toinjector  at  the  TESLA  Test  Facility  (TTF)  late  1998,  sev¬ 
eral  cathodes  have  been  used.  We  report  on  the  properties 
of  Cs2Te  and  KCsTe  cathodes  under  operating  conditions, 
their  quantum  efficiency  and  lifetime.  Darkcurrent  emitted 
by  the  RF  gun  or  the  cathodes  have  been  a  major  concern 
in  the  first  year  of  operation.  Meanwhile,  new  cathode  pro¬ 
duction  techniques  and  a  conditioning  effect  of  the  RF  gun 
has  reduced  the  darkcurrent  significantly. 

INTRODUCTION 

Since  December  1998,  the  TESLA  Test  Facility  (TTF) 
at  DESY  operates  a  laser-driven  RF  gun  based  photoinjec¬ 
tor.  It  has  been  used  for  TESLA  related  experiments  and  to 
drive  the  TTF-FEL  free  electron  laserfl].  The  TTF  acceler¬ 
ating  structures  are  based  on  superconducting  technology, 
which  allows  acceleration  of  long  pulse  trains.  At  TTF, 
trains  of  up  to  800  /is  length  with  four  different  bunch  fre¬ 
quencies  have  been  generated:  100  kHz,  1  MHz,  2.25  MHz, 
and  54  MHz.  Beam  parameters  used  in  different  experi¬ 
ments  or  running  conditions  are  summarized  listed  in  Ta¬ 
ble  1. 


Table  1 :  Electron  beam  parameters  as  produced  by  the  TTF 
RF  gun  during  the  last  runs. 


Parameter 

TESLA 

(CDR) 

TESLA 

FEL(TDR) 

HOM 

RF  frequency 

GHz 

1.3 

Repetition  rate 

Hz 

1 

Pulse  train  length 

fJ,S 

Ito  800 

gradient  on  the  cathode 

MV/m 

40  MV/m 

Pulse  train  cuirent 

mA 

8 

9 

2 

Bunch  frequency 

MHz 

1 

2.25 

54 

Bunch  charge 

nC 

lto8 

1  to  4 

0.04 

Mb  bunches  per  train 

Ito  30 

Ito  1800  ‘ 

20000 

Bunch  length  (rms) 

mm 

w3 

Laser  spot  diameter 

mm 

10 

3 

6 

Producing  a  large  number  of  bunches  per  train  is  only 
possible  with  a  high  quantum  efficiency  cathode.  Cesium 
telluride  photocathodes  have  been  chosen,  since  a  quantum 
efficiency  above  1  %  has  been  first  achieved  at  CERN[3]. 
The  required  laser  energy  in  the  UV  reduces  to  be  only  a 
few  (jlJ  for  a  bunch  charge  in  the  nC  range.  This  makes  a 
laser  system  producing  thousands  of  laser  pulses  per  pulse 
train  feasible.  The  quantum  efficiency  of  metals  like  cop¬ 
per  are  three  orders  of  magnitude  smaller  and  thus  would 
require  a  large  kW-scale  laser  system.  In  the  following, 
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we  report  our  experience  with  the  various  cathodes  used  at 
TTF. 

CATHODE  SYSTEM  AND  PREPARATION 

A  sketch  of  the  the  cathode  system  attached  to  the  RF 
gun  is  shown  in  Fig.  1.  The  RF  gun  built  by  FNAL  is  an 


Figure  1:  Schematic  overview  of  the  cathode  system  at¬ 
tached  to  the  TTF  RF  gun. 

L-band  1  1/2-cell  RF  gun  operated  with  a  5  MW  1.3  GHz 
klystron.  The  RF  pulse  length  is  up  to  900  fj,s  with  a  for¬ 
ward  RF  power  of  3  MW,  corresponding  to  a  gradient  of 
40  MV/m  on  the  cathode,  and  a  repetition  rate  of  1  Hz.  A 
Cs2Te  or  KCsTe  cathode  is  illuminated  by  a  train  of  UV 
(262  nm)  laser  pulses.  The  laser,  a  mode-locked  solid-state 
laser  system  based  on  Nd:YLF,  is  synchronized  with  the 
gun  RF.[4]  The  laser  pulse  length  measured  with  a  streak 
camera  is  7  ±  1  ps. 

To  maintain  their  quantum  efficiency.  Cesium  telluride 
cathodes  have  to  stay  all  ways  in  ultra-high  vacuum.  There¬ 
fore,  a  load  lock  system  has  been  developed.  [5]  It  is  a  split 
function  system,  where  the  cathodes  are  not  prepared  in 
the  system  attached  to  the  gun,  but  off-site.  Cathodes  are 
first  prepared  at  INFN-LASA  in  Milano.  A  stack  of  up 
to  four  cathodes  is  transported  in  a  transportation  chamber 
to  DESY.  During  the  transport,  an  ion  pump  powered  by  a 
battery  keeps  the  vacuum  level  stable  around  1  •  10  “  mbar. 
The  transport  chamber  is  then  attached  to  the  load  lock  sys¬ 
tem  of  the  RF  gun.  Two  vacuum  manipulators  are  used  to 
pick  a  cathode  from  the  stack  and  to  insert  it  into  the  gun. 
Figure  2  shows  the  cathode  plug  inserted  into  the  backplane 
of  the  gun.  The  RF  contact  is  assured  by  a  Cu-Be  spring. 

The  cathode  plug  is  made  out  of  pure  Molybdenum.  The 
surface  is  cleaned  and  polished  with  optical  quality.  Thin 
layers  of  Tellurium  and  Cesium  are  then  deposited  in  UHV 
onto  the  polished  plug  surface.  Tellurium  and  Cesium  re¬ 
act  to  produce  Cs2Te.  It  has  an  energy  gap  of  3.2  eV  and 
an  electron  affinity  of  0.5  eV  [6].  It  is  blind  to  visible  radi- 
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Figure  2:  Detail  of  the  cathode  plug  inserted  to  the  RF  gun 
backplane.  The  Cu-Be  spring  asuring  RF  contact  is  indi¬ 
cated. 


ation,  UV  light  is  required  for  photoemission. 

Cathodes  have  been  operated  in  the  RF  gun  from  De¬ 
cember  1998  to  November  2002.  During  this  four  years 
of  running,  12  different  cathodes  have  been  used,  10  Cs  2Te 
and  2  KCsTe  cathodes  (Tab.  2).  In  total  for  1 192  days,  cath- 

Table  2:  Cathodes  used  during  TTF  phase.  Cathodes  not 
otherwise  indicated  are  Cs2Te. 


cathode 

days  in  use 

1 

89 

13 

234 

12 

92 

22 

9 

23 

29 

21 

27 

33 

26 

36 

145 

50 

139 

KCsTe 

11 

317 

51 

85 

54 

0.1 

KCsTe 

sum 

1192 

odes  have  been  operated  in  the  gun.  The  reason  to  remove 
a  cathode  has  never  been  a  low  quantum  efficiency.  Only 
during  the  period  of  strong  dark  current,  cathode  have  been 
changed  frequently. 

QUANTUM  EFFICIENCY 
MEASUREMENTS  AND  LIFETIME 

The  quantum  efficiency  (QE)  measured  with  a  Hg  lamp 
after  growing  of  the  emissive  film  is  usually  very  high,  up 
to  10%  for  Cs2Te  and  20%  for  CsKTe.  The  spectral  re¬ 
sponse  shows  a  plateau  which  is  reached  at  a  wavelength 
of  260 nm.  The  measured  uniformity  of  the  QE  is  a  few 
percent  with  respect  to  the  maximum.  [5] 

Transportation 

To  evaluate  the  effect  of  the  24  hour  long  transportation, 
we  measured  the  QE  just  before  leaving  Milano  and  just  af¬ 
ter  arrival  at  DESY.  To  keep  ultra-high  vacuum  conditions, 
the  pumping  system  of  the  transportation  chamber  is  pow¬ 
ered  by  a  battery  through  a  DC/DC  converter.  This  keeps 
the  vacuum  pressure  in  the  MO  mbar  range.  In  Table  3, 


measurements  performed  for  the  first  set  of  cathodes  are  re¬ 
ported.  The  measurement  shows  no  QE  degradation  during 
the  transportation. 

Operation  in  the  RF  gun 

The  quantum  efficiency  of  the  cathodes  has  been  mea¬ 
sured  several  times  during  their  operation  in  the  gun.  The 
laser  energy  is  measured  with  a  calibrated  (±  5%)  jouleme- 
ter  (Molectron).  The  charge  is  measured  at  the  exit  of  the 
gun  with  an  integrated  current  transformer  (Bergoz).  Fig¬ 
ure  3  shows  an  example  for  cathode  1 3,  From  the  slope  of  a 
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Figure  3:  Measured  charge  output  of  the  RF  gun  as  a  func¬ 
tion  of  laser  energy  on  cathode  13.  The  laser  spot  diamter 
was  10  mm. 

straight  line  fit  to  the  data  we  obtain  a  quantum  efficiency  of 
0.6  %,  The  estimated  measurement  error  is  10  %.  The  QE 
after  the  production  of  cathode  13  was  10%  with  unifor¬ 
mity  near  to  5  %.  It  remained  three  months  in  the  transport 
system  before  it  was  installed  into  the  gun.  Immedeately 
after  its  installation,  we  measured  a  QE  of  5.6%.  After  5 
months  of  usage  in  the  RF  gun,  the  QE  decreased  by  a  fac¬ 
tor  of  10  to  0.6%.  During  this  period,  the  pressure  at  the 
pumpnearthe  gun  was  stable  at  3.5-10"^^  mbar.  Since  the 
gun  has  never  been  baked,  we  expect  a  water  partial  pres¬ 
sure  of  some  M0~^°mbar.  In  other  words,  the  cathode  has 
been  exposed  to  some  1-10“^  mbar  s  of  water.  The  harm¬ 
ful  effect  of  water  is  at  least  comparable  to  oxygen.  This 
explains  the  rather  low,  but  stable  QE  in  our  case. 


Table  3:  Quantum  efficiency  (QE)  measured  before  and  af¬ 
ter  transportation  from  Milano  to  DESY,  after  3  month  of 
storage,  and  after  operating  in  the  RF  Gun  for  5  months. 


QE(%) 

Milano 

DESY 

3  month 
storage 

5  month 
operation 

stack  1 

cathode  nb  13 

6.1  ±0.2 
10 

6.0  ±0.3 

5.6 

0.6 

DARKCURRENT 

During  operation  in  the  RF  gun,  the  cathode  is  exposed 
to  a  very  high  electric  field  of  40  mV/m.  Field  emission 
from  the  cathode  and  the  gun  backplane  form  dark  current 
emitted  by  the  RF  gun.  To  understand  the  origin  of  the 
darkcurrent  and  to  find  ways  how  to  suppress  it  has  been 
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one  of  the  major  concerns  at  the  beginning  of  the  RF  gun 
operation. 

Darkcurrent  values  quoted  here  are  measurd  with  a  Fara¬ 
day  cup  at  the  RF  gun  exit,  with  nominal  solenoid  fields 
which  are  used  for  beam,  and  for  a  field  of  35  MV/m  on  the 
cathode  surface. 

In  the  first  two  years  of  operation,  we  observed  fre¬ 
quently  a  sudden  on-set  of  strong  field  emission.  Fig.  4 
shows  the  history  of  the  darkcurrent  measured  for  all  cath¬ 
odes  operated  in  the  RF  gun.  After  an  initial  ’eruptive’  pe¬ 
riod  of  one  year,  we  observed  suddenly  a  very  strong  emit¬ 
ter  on  the  gun  backplane  close  to  cathode  21,  which  leads 
to  a  darkcurrent  of  several  mA.  Once  this  emitter  has  been 
conditioned,  the  darkcurrent  decreased  slowly,  until  -  af¬ 
ter  another  year  -  the  darcurrent  almost  vanished.  During 


Figure  4:  History  of  the  darkcurrent  of  all  cathodes  used 
during  TTF  phase  1. 

the  ’hot’  period,  we  studied  the  dependance  of  the  dark- 
current  on  the  finishing  of  the  cathodes.  The  coated  sub¬ 
strate  shows  always  a  higher  dark  current  then  uncoated 
Mo  substrates.  At  the  beginning,  all  substrate  surfaces  have 
been  finished  with  a  tooling  machine,  they  were  not  mirror¬ 
like  and  an  inspection  with  an  optical  microscope  revealed 
deep  scratches  at  the  surface.  For  these  reasons,  the  next 
sets  of  cathodes  have  been  prepared  with  a  better  surface 
polishing.  We  used  diamond  grinding  powder  with  size 
down  to  50  nm  to  obtain  a  mirror  like  surface.  The  first 
CsaTe  cathode  with  this  new  surface  finishing  was  tested 
in  March  1999.  A  significant  reduction  of  darkcurrent  has 
been  achieved:  from  300 fiA  to  16  //A.  However,  also  with 
this  cathode  a  sudden  increase  in  darkcurrent  after  3  month 
of  usage  has  been  observed. 

Only  after  two  years  of  operation,  the  darkcurrent  sta- 
blized  with  cathode  nb.  1 1  to  a  veiy  low  and  for  us  accept¬ 
able  value  of  20  to  25  /xA.  For  this  reason,  cathode  1 1  has 
been  left  in  the  gun  from  July  2001  -  with  some  interrup¬ 
tions  -  up  to  the  end  of  TTF  1  mid  November  2002. 

Since  the  darkcurrent  has  now  been  low  and  stable, 
checks  with  a  former  high  darkcurrent  cathode  could  be 
made.  We  reinserted  cathode  36  with  which  200  /xA  of 
darkcurrent  have  been  measured  earlier.  Indeed,  after 
reinsertion  to  the  gun,  the  darkcurrent  increased  again  to 
200  /xA.  After  putting  cathode  1 1  back,  the  current  fell 
back  down  to  the  25  /xA  level.  At  least  in  this  case,  the 


cathode  is  responsible  for  the  darkcurrent,  not  the  gun,  nor 
the  RF  contact  spring,  since  both  have  not  been  changed. 

However,  later-on  we  made  a  different  observation.  In 
May  2002  we  replaced  the  RF  gun  G3  with  gun  G4 
from  FNAL.  Now  the  darkcurrent  with  cathode  1 1  inserted 
200 /xA  again  and  even  increasing.  This  gun  has  been  op¬ 
erated  at  the  NICAAD  photoinjektor  test  facility  in  FNAL 
with  short  RF  pulses  of  only  30/xsat  1  Hz.  Gun  G3  has 
been  operated  at  TTF  most  of  the  time  with  long  RF  pulses 
of  500  to  900  fjLS,  with  1  Hz  and  around  the  clock. 

The  darkcurrent  measured  at  TTF  with  G4  is  very  sim¬ 
ilar  to  the  values  obtained  FNAL.[7]  On  the  other  hand, 
the  small  value  of  darkcurrent  has  now  moved  with  G3  to 
FNAL.  This  is  a  strong  indication,  that  a  conditioning  ef¬ 
fect  of  the  gun  during  operation  significantly  reduced  the 
darkcurrent. 

To  summarize,  both,  gun  and  cathode  contribute  to  the 
dark  current  phenomena  and  have  to  be  attact  both.  This  ex¬ 
plains  also  partly  the  confusing  picture  we  got  from  the  data 
for  different  cathodes.  Only  with  a  clean  gun,  effects  of  the 
cathode  induced  darcurrent  can  be  evaluated  correctly, 

DISCUSSION  AND  CONCLUSION 

At  TTF  we  have  been  operating  various  cathodes  from 
December  1998  to  November  2002.  The  quantum  effi¬ 
ciency  drops  during  gun  operation  presumably  due  to  resid¬ 
ual  water  in  the  vacuum  down  to  a  stable  0.5  %  level.  This 
is  sufficient  to  allow  to  produce  bunchs  trains  of  9  mA  as 
required. 

We  have  been  suffering  by  strong  darkcurrent  emission 
in  the  order  of  mA  during  the  first  two  years,  until  its  level 
stabilized  at  a  reduced  and  acceptable  level  of  25  /xA.  This 
is  on  the  one  hand  due  to  a  conditioning  effect  of  the  RF 
gun  itself,  and  on  the  other  due  to  improved  finishing  tech¬ 
niques  of  the  cathode  surface.  From  our  understanding,  the 
RF  contact  spring  does  not  contribute  significantly  to  the 
dark  current. 
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Abstract 

At  the  TESLA  Test  Facility  (TTF)  linac  the  required  high 
peak  current  for  FEL  operation  is  achieved  by  compressing 
the  beam  longitudinally  in  a  magnetic  chicane.  The  peak 
current  after  the  chicane  is  determined  by  the  residual  en> 
eigy  spread  of  the  electron  bunch  which  is  produced  by  an 
rf  photo-injector.  By  residual  energy  spread  we  refer  to  the 
energy  spread  of  a  temporal  slice  of  the  bunch  which  can 
not  be  compensated  by  any  time  dependent  energy  modu¬ 
lation.  To  determine  the  energy  distribution,  an  improved 
optical  system  has  been  implemented  to  image  the  beam  at 
an  OTR-station  after  a  spectrometer  dipole.  In  this  paper 
the  results  of  the  beam  profile  measurements  are  presented 
and  compared  to  particle  tracking  simulations.  It  is  shown 
that  the  residual  energy  spread  in  the  injector  on  in  order  of 
a  few  keV  only,  even  at  bunch  charges  of  4  nC. 

INTRODUCTION 

Most  existing  and  future  designs  of  linac  driven  Self- 
Amplified  Spontaneous  Emission  Free-Electron  Lasers 
(SASE-FELs)  use  high  brightness  photo-injectors  to  meet 
the  tight  requirements  on  the  transverse  and  longitudinal 
beam  quality.  In  a  photo-injector,  the  electrons  are  pro¬ 
duced  by  impinging  a  short-pulse  laser  on  a  photo-cathode 
installed  in  a  radio  frequency  gun  which  is  operated  at  high 
gradients.  The  rapid  acceleration  in  the  RF  gun  is  neces¬ 
sary  to  overcome  the  strong  repulsive  space  charge  forces. 
Several  optimisation  steps  are  required  in  the  design  and 
during  operation  of  a  photo-injector  to  minimise  the  trans¬ 
verse  projected  emittance  growth.  In  addition  to  the  trans¬ 
verse  emittance,  the  longitudinal  phase  space  distribution 
also  has  major  impacts  on  the  linac  design  and  the  possi¬ 
bilities  to  operate  a  SASE-FEL. 

Unlike  other  sources,  such  as  conventional  thermionic 
injectors  or  damping  rings,  the  energy  of  electrons  pro¬ 
duced  in  a  photo-injector  is  correlated  in  time  and  spread 
only  in  a  very  narrow  energy  band.  The  time-energy  corre¬ 
lation  is  mainly  caused  by  the  RF  curvature  and  thus  is  non¬ 
linear.  In  general,  the  correlation  can  be  linearised  by  ac¬ 
celerating  the  beam  at  higher  harmonic  frequencies  before 
it  is  compressed  in  length  [1,  2].  If  the  correlation  is  elim¬ 
inated,  the  residual  energy  spread  determines  the  achiev¬ 
able  peak  current  while  maintaining  an  energy  spread  small 
enough  to  operate  a  SASE-FEL. 

At  the  TESLA  Test  Facility  (TTF),  a  photo-injector  has 
been  used  to  drive  a  SASE-FEL  operating  in  the  VUV- 
wavelength  range  between  80  nm  and  180nm  [3].  A  de¬ 
tailed  description  of  the  experimental  facility  can  be  found 
in  [4].  The  TTF-FEL  consists  of  a  linear  accelerator  pro¬ 


ducing  bunches  with  an  energy  up  to  300  MeV  and  a  14. 1  m 
long  undulator  magnet.  The  bunches  exit  the  photo-injector 
with  an  energy  of  16  MeV.  At  2.8  nC  bunch  charge,  the 
rms  width  of  longitudinal  charge  density  is  3,6  mm.  The 
main  accelerator  contains  two  superconducting  accelera¬ 
tion  modules  which  are  separated  by  a  magnetic  bunch 
compressor. 

As  a  consequence  of  the  fairly  long  bunch  length  in  com¬ 
parison  with  the  RF  wavelength  of  23  cm,  the  rf-induced 
curvature  downstream  of  the  bunch  compressor  causes  a 
strongly  non-Gaussian  charge  distribution  with  a  narrow 
leading  peak  and  a  long  tail  (no  linearisation).  From  the 
experimentally  observed  FEL,  radiation  the  photon  pulse 
duration  Trad  has  been  determined  to  be  less  than  50  fs 
FWHH  [5],  The  observations  are  in  agreement  with  par¬ 
ticle  tracking  simulations  and  numerical  simulations  of  the 
SASE  process.  Of  the  2.8  nC  bunch  charge,  only  the  0.1- 
0.2  nC  contained  in  the  leading  spike  with  a  peak  cur¬ 
rent  of  1.3  kA  contributes  to  the  FEL  radiation.  The  cur¬ 
rent  of  trailing  electrons  is  insufficient  to  initiate  the  SASE 
process.  The  key  beam  parameter  determining  the  width 
of  the  spike  cTz, spike  is  the  residual  (slice)  energy  spread 
aE,s‘  Tracking  simulations  of  the  photo-injector  predict 
a  residual  energy  spread  below  5keV.  However,  investi¬ 
gations  in  the  past  could  only  set  a  lower  threshold  of 
22.1±2.7keV[6]  for  the  slice  energy  spread,  much  too 
large  and  in  disagreement  to  the  numerical  results.  To  close 
the  gap  in  understanding,  the  optical  setup  and  the  experi¬ 
mental  condition  have  been  improved  to  yield  high  preci¬ 
sion  measurements  of  the  beam  energy  distribution. 

EXPERIMENTAL  CONDITIONS 


Figure  1:  Scheme  of  the  photo-injector. 


Figure  1  shows  a  scheme  of  the  TTF  photo-injector. 
Beam  and  injector  parameters  for  the  experiment  and  dur¬ 
ing  FEL  operation  are  listed  in  Tab.  1.  The  UV-drive  laser 
operates  at  a  wavelength  of  262  nm  with  a  pulse  energy 
of  100/xJ.  With  an  ultra-fast  streak  camera  (FESCA-200, 
Hamamatsu  Photonics,  Japan)  a  pulse  duration  of  7±0.5  ps 
rms  has  been  measured.  The  laser  pulse  shape  is  Gaus- 
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sian.  The  laser  spot  on  the  cathode  is  radially  uniform 
with  a  diameter  of  6  mm.  For  the  experiment,  a  bunch 
charge  of  4nC  has  been  adjusted.  The  1.3  GHz,  1 1/2-cell 
room-temperature  copper  gun  has  been  operated  at  a  gra¬ 
dient  of  35  MV/m  accelerating  the  beam  to  an  energy  of 
3.8  MeV.  The  nominal  gun  phase  is  40®.  A  superconduct¬ 
ing  9-cell  booster  cavity  rises  the  beam  energy  to  16  MeV. 
Bunch  compressor  1,  after  the  booster  has  been  switched 
off.  Using  the  quadrupole  triplet  located  upstream  of  the 


Table  1:  Photo  injector  and  beam  parameters 


parameter 

symbol 

value 

unit 

bunch  charge 

Q 

4 

nC 

gun  gradient 

dgrun 

35 

MV/m 

gun  phase 

4^ gun 

30-50 

deg. 

laser  diameter 

d 

6 

mm 

laser  pulse 

7 

ps 

booster  gradient 

^booster 

11.5 

MV/m 

booster  phase 

4^booster 

131-155 

deg. 

dispersion  at  OTR6 

rix 

1.367 

m 

beam  energy 

E 

15.4-16.3 

MeV 

x/y  norm,  emittance 

^xf^y 

10.6 

fim 

x/y  norm,  slice  emit. 

^x,s/^y,s 

4-14 

fim 

slice  beta-func.  OTR6 

Px 

7-17 

cm 

FEL  operation  | 

bunch  charge 

Q 

2.8 

nC 

gun  gradient 

Ggun 

40 

MV/m 

laser  diameter 

d 

3 

mm 

spectrometer  dipole,  the  beam  is  focused  onto  an  optical 
transition  screen  (OTR6)  situated  in  the  spectrometer  beam 
line.  The  horizontal  dispersion  at  the  screen  amounts  to 
1.37  m.  The  OTR-screen  is  rotated  by  45®  with  respect  to 
the  y-axis.  To  correct  the  depth  of  field  on  the  entire  screen, 
a  shift-tilt  objective  has  been  used  to  image  the  OTR-light 
on  a  12-bit  CCD  camera.  With  horizontal  and  vertical  wires 
on  the  screen  the  magnification  is  determined  to  be  32.3 
(36.4)  fjLm  per  CCD-pixel  in  x  (y).  By  measuring  the  point 
spread  function  of  the  optical  setup  a  resolution  of  44  fim 
rms  has  been  derived.  The  exposure  time  of  the  CCD  cam¬ 
era  has  been  set  at  its  minimum  (10  fis)  to  reduce  the  counts 
on  the  image  due  to  X-rays.  Figure  2  shows  a  typical  im¬ 
age  of  a  single  bunch.  The  peak  width  is  proportional  to 
the  residual  energy  spread  while  the  long  low  energy  tail  is 
mainly  determined  by  the  phase  of  the  booster  cavity.  For 
the  measurement,  gun  and  booster  cavity  phase  have  been 
varied.  For  each  new  phase  setting,  the  focusing  strength 
of  the  quadrupole  triplet  has  been  corrected  to  minimize 
the  rising  edge  of  the  peak  in  the  energy  profile.  Phase, 
amplitude,  and  charge  jitter  significantly  change  the  peak 
profile  on  shot-to-shot  basis.  For  each  setting,  10  images 
are  stored.  Altogether  about  270  pictures  are  analyzed. 


Simulations 

The  particle  tracking  code  ASTRA  [7]  is  used  to  simu¬ 
lated  charge  distribution  produced  in  the  injector.  Per  run, 
4000  macro-particles  are  tracked  providing  a  sufficiently 
accurate  result  within  reasonable  computation  time.  Fig¬ 
ure  3  shows  the  longitudinal  phase  space  at  the  entrance 
of  the  spectrometer  dipole.  The  two  cases,  4nC  (blue) 
and  0.01  nC  (green),  demonstrate  the  difference  between  a 
bunch  with  high  space  charge  force  and  one  without  (ther¬ 
mal  emittance  is  set  to  zero). 


200  400  600  800  1000  1200 


Figure  2:  Image  of  bunch  at  OTR6. 
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Figure  3:  Longitudinal  phase  space  distribution  (at  =7ps, 
4^gun  =40  ,  (pbooster  =145  ). 

The  rf-induced  correlated  energy  spread  is  typically  2  or¬ 
ders  in  magnitude  larger  than  the  slice  energy  spread  (see 
Fig.3(b)  and  Fig.  3(c)).  The  cosine-like  distribution  pro¬ 
jected  on  the  energy  axis  produces  a  spike  at  high  energies 
(see  Fig.  3(a)).  The  smaller  the  residual  energy  spread,  the 
more  pronounced  and  narrow  the  spike  will  be.  For  the 
later  analysis,  we  use  only  the  particles  with  the  energies 
above  the  peak  value  of  energy  spike  indicated  by  a  red 
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dashed  line  in  Fig.  3(a).  Due  to  the  RF  curvature,  parti¬ 
cles  within  the  parabolar-like  curve  plotted  in  Fig.  3(b)  con¬ 
tribute  to  shape  and  width  of  the  rising  edge  of  the  spike. 
For  the  example  shown,  the  longitudinal  rms  width  of  these 
particles  is  670 /xm  or  0.2-a2.  Figure  3(c)  shows  that  the 
residual  energy  spread  calculated  for  particles  located  in 
different  bunch  slices  (blue)  agree  well  with  the  one  we 
are  able  to  measure  (red  bar).  Because  the  residual  energy 
spread  changes  with  the  position  z  (Fig.  3c)  the  phase  of 
the  booster  cavity  has  been  varied  in  steps  of  2°.  This  al¬ 
lows  observation  of  the  residual  energy  spread  at  various 
positions  along  the  bunch. 

Image  processing  and  data  analysis 

The  first  step  in  the  image  processing  is  the  removal  of 
single,  high  intensity  pixels  caused  by  x-rays  hitting  the 
CCD.  Then,  an  average  of  100  CCD  background  pictures, 
showing  a  small  deviation  in  the  read  out  per  pixel,  is  sub¬ 
tracted.  To  further  improve  the  quality  of  the  horizontal 
projection,  only  the  image  in  a  band  of  ±Acjy  obtained  by 
fitting  a  Gaussian  to  the  vertical  projection  is  used.  The 
profile  is  then  filtered  using  wavelets  (sym-lets  of  8^^  or¬ 
der).  By  filtering  that  is  based  on  spatial  frequency  as  well 
as  scale,  wavelet-filters  can  significantly  reduce  noise  with¬ 
out  obscuring  narrow  features  of  the  profile,  especially  the 
steep  rising  edge  seen  at  high  energies. 

The  simulation  data  are  treated  similarly,  only  that  in  this 
case  order  wavelets  (Haar  wavelets)  are  used  to  avoid 
negative  values  in  the  profile.  Filtering  of  the  simulation 
data  is  necessary  because  of  the  limited  number  of  particles 
used  for  the  tracking. 

To  find  the  phase  offset  of  the  booster  cavity,  which  is 
a  priori  unknown,  the  simulated  profiles  are  fitted  to  the 
measured  ones  by  allowing  a  horizontal  and  vertical  shift 
as  well  as  vertical  scaling.  The  simulations  cover  a  number 
of  laser  pulse  lengths  and  phases.  The  most  likely  parame¬ 
ters  are  found  when  the  sequence  of  simulated  profiles  best 
agrees  with  the  measured  ones.  The  best  agreement  was 
found  with  a  laser  pulse  length  of  7  ps.  Note  that  for  de¬ 
termining  the  phase  offset,  the  whole  profile  is  taken  into 
account  with  a  special  focus  on  the  low  energy  tail  which 
is  dominated  by  the  rf-curvature  and  hence  best  reveals  the 
absolute  phase.  The  residual  energy  spread  is  quantified 
by  fitting  a  Gaussian  function  to  the  high  energy  edge  of 
the  profile,  where  position  and  height  of  the  maximum  are 
fixed,  and  only  the  a  can  vary.  The  results  are  shown  in 
Fig.  4. 

Agreement  between  measurement  and  simula¬ 
tions 

Figure  4  shows  the  compilation  of  the  measured  and  sim¬ 
ulated  residual  energy  spread.  Besides  statistical  fluctu¬ 
ations  from  bunch  to  bunch,  the  measurements  are  influ¬ 
enced  by  a  number  of  systematic  errors.  The  broadening 
influence  of  the  rf  curvature  is  present  both  in  the  measure¬ 
ment  and  in  the  simulation.  No  significant  impact  from  the 


optical  resolution  of  the  system  is  to  be  expected,  whereas 
the  beam  optics  allow  for  a  resolution  slightly  below  2  keV. 
Only  for  two  phase  values,  133®  and  135®,  has  a  resolu¬ 
tion  of  2.5  keV  been  found.  The  intensity  of  the  beam  im- 


Figure  4:  Slice  energy  spread  measurement  (points)  and 
simulation  (large  diamonds). 

ages  was  very  limited.  After  digitisation,  even  the  most 
intense  images  deliver  pixel  readings  of  only  up  to  three 
counts  above  the  pedestal  of  about  two  counts.  This  leads 
to  distortion  of  the  results,  especially  for  weaker  images. 
On  one  hand  the  height  of  the  profile  appears  even  smaller, 
which  is  reflected  by  the  scaling  factors  needed  in  the  fits 
that  match  the  expectations.  On  the  other  hand  this  causes 
much  steeper  edges  in  the  measured  profile  than  there  are 
in  the  original  distribution.  This  significantly  increases  the 
measurement  error  towards  the  ends  of  the  bunch.  Taking 
these  effects  into  account,  the  simulations  reproduce  the 
measurements  very  nicely. 

CONCLUSION 

The  residual  energy  spread  in  a  photo  injector  has  been 
measured  with  a  resolution  down  to  2keV  (as /F?  =  1.3  ♦ 
10"^).  Utilising  the  cosine-curvature  of  the  accelerating  rf- 
fields,  slice  energy  spread  could  be  measured.  The  results 
are  consistent  with  simulations.  The  values  are  close  to 
and  below  5  keV.  This  matches  observations  made  with  the 
TTF  SASE-P^L  radiation  indirectly  confirming  predicted 
values. 
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Abstract 

The  aim  of  the  SPARC  project,  is  to  promote  an  R&D 
activity  oriented  to  the  development  of  a  high  brightness 
photoinjector  to  drive  SASE-FEL  experiments.  We 
discuss  in  this  paper  the  status  of  the  beam  dynamics 
simulation  activities. 

INTRODUCTION 

The  SPARC  photoinjector  has  to  drive  a  SASE  FEL 
experiment  at  530  nm  [1].  To  meet  the  FEL  requirements 
a  high  brightness  electron  beam  has  to  be  generated, 
accelerated  up  to  155  MeV  and  transported  up  to  the 
entrance  of  the  undulator,  minimizing  the  emittance  and 
energy  spread  degradation  due  to  correlated  space  charge 
and  wake  field  effects.  In  order  to  saturate  the  FEL 
radiation  in  the  planned  15  m  long  undulator,  and  to 
additionally  allow  generation  of  higher  harmonics,  the 
design  beam  parameters  are  very  rigorous:  normalized 
emittance  <  1  |im,  relative  energy  spread  Ayjy  <0.1 
%  and  peak  current  /  -  90  A.  Fortunately,  such 
parameters  have  to  be  reached  only  on  the  scale  of  the 
FEL  cooperation  length,  which  in  our  case  is  less  than 
300  pm. 

START  TO  END  SIMULATIONS 

The  accelerator  consists  of  a  1,6  cell  RF  gun  operated 
at  S-band  with  a  peak  field  on  the  cathode  of  120  MV/m 
and  an  incorporated  metallic  photo-cathode  followed  by 
an  emittance  compensating  solenoid  and  three 
accelerating  sections  of  the  SLAC  type  (S-band, 
travelling  wave).  A  transfer  line  made  with  two  triplets 
allows  the  matching  with  the  undulator  optics  (see  Fig.  1). 
A  start-to-end  simulation  of  the  beam  dynamics  from  the 
injector  through  transfer  line  and  undulator  system  has 


been  performed  by  means  of  the  codes  PARMELA  [2] 
and  GENESIS  [3]. 

We  take  as  our  example  the  most  conservative  system 
that  is  to  be  encountered,  one  with  no  velocity  bunching 
[1],  and  a  relatively  low  energy  of  155  MeV  (consistent 
with  either  low  gradient,  three  TW  section  operation,  or 
high  gradient,  two  TW  section  operation).  The  temporal 
profile  of  the  bunch  has  been  taken  uniform  over  11.5  ps 
with  a  rising  time  of  1  ps,  a  laser  spot  on  the  cathode  of  1 
mm  and  a  1  nC  charge,  with  a  35  degree  launch  phase  in 
the  gun,  0.27  T  of  solenoid  field  and  on-crest  acceleration 
in  the  linac.  We  decided  to  place  a  set  of  coils  around  the 
first  accelerating  structure  (700  G),  to  provide  additional 
flexibility  in  the  choice  of  the  accelerating  gradient  (25 
MV/m  in  the  simulations). 

The  transverse  emittance  compensation  process  is 
visible  in  figure  2:  the  emittance  reaches  an  absolute 
maximum  in  the  centre  of  the  solenoid  and  it  is  reduced  to 
a  minimum  in  the  drifting  section,  then  begins  again  to 
increase.  The  booster  entrance  is  located  at  the  envelope 
laminar  waist  corresponding  to  an  emittance  relative 
maxinium  [4].  The  emittance  oscillation  is  driven  by  a 
properly  matched  accelerating  field  [5]  down  to  an 
absolute  minimum  (--0.6  ^xm)  at  the  linac  exit  where  the 
average  bunch  energy  is  155  MeV,  high  enough  to  damp 
space  charge  forces.  The  estimated  thermal  emittance  (0.3 
pm),  included  in  the  simulation,  results  to  be  in  the 
present  design  the  main  contribution  to  the  total 
emittance. 

As  expected,  the  emittance  along  the  transfer  line  and 
in  the  undulator  is  not  anymore  affected  by  space  charge 
effects  even  when  the  beam  has  to  be  focused  to  a  very 
small  spot  (-55  pm)  to  meet  the  undulator  matching 
conditions. 


Transverse  and  longitudinal  phase  spaces  at  the  Despite  some  halo  observed  in  the  transverse  phase 

entrance  of  the  undulator  are  shown  in  figure  3.  space  related  to  the  bunch  tails  mismatch,  the  core  of 
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the  bunch  is  very  good  behaved,  having  a  0.6  \xm  rms 
normalized  emittance  in  both  planes. 


Figure  2:  PARMELA  simulation  of  the  rms  normalized 
emittance  and  bunch  envelope  evolution  along  the 
SPARC  injector  up  to  1 1,5  m. 
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Figure  3:  Transverse  and  longitudinal  phase  spaces  at 
the  entrance  of  the  undulator. 
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Figure  4:  Slice  analysis  of  beam  properties  at  the 
undulator  entrance. 

The  longitudinal  phase  space  shows  the  typical  energy 
phase  correlation  induced  mainly  by  the  RF  field,  with 
little  contribution  from  longitudinal  space-charge, 
having  relative  rms  energy  spread  lower  than  0.2%  as 


required.  The  slice  analysis  performed  at  the  undulator 
entrance  is  shown  in  figure  4.  Slice  emittance  and 
energy  spread  are  well  below  the  nominal  design 
values  for  more  than  85%  of  the  bunch  length.  The 
slice  peak  current  is  above  60  A  in  the  same  region. 
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Figure  5:  GENESIS  simulations  of  the  FEL  for  three 
representative  slices  along  the  bunch. 

The  analysis  of  the  FEL  performance  has  been 
performed  with  the  code  GENESIS,  taking  in  to 
account  three  representative  slices  along  the  bunch 
provided  by  PARMELA,  showing  that  even  the 
radiation  emitted  by  the  slices  closer  to  the  tails  that 
contain  a  lower  local  value  of  the  current  (61  A)  can 
reach  saturation  as  shown  in  figure  5. 

SENSITIVITY  STUDIES 

Once  the  nominal  parameters  are  set  we  have  to 
provide  also  stable  operation  and  tolerate  some  jitter  in 
the  nominal  value  of  the  parameters  .  In  this  section  we 
discuss  only  two  selected  topics  of  such  studies 
performed  thus  far,  in  which  cathode  emission 
uniformity,  laser  beam  ellipticity,  laser  centroid  offset, 
laser  time  structure,  and  solenoid  field  errors  have  been 
explored. 

The  effects  of  cathode’s  dishomogeneities  [6]  have 
been  tested  by  simulating,  using  the  code  TREDI  [7],  a 
zone  on  the  cathode  with  reduced  quantum  efficiency 
QE.  We  have  assumed  a  circular  QE  “hole”  with  a 
surface  10%  of  the  nominal  bunch  spot,  centered  half¬ 
way  of  the  bunch  radius.  The  results  suggest  that 
localized  inhomogeneities  do  not  dramatically  degrade 
the  emittance,  growing  by  A£jc(y)  ^  ^0%  (15%)  for  QE 
«  70%  as  reported  in  figure  6.  This  analysis  will  be 
further  extended  to  the  cases  of  randomly  distributed 
(“spotty”)  inhomogeneities,  which  better  describe  the 
behavior  of  real  cathodes. 

Flat  top  laser  pulses  with  rise  times  shorter  thanl  ps 
are  required  in  order  to  avoid  emittance  degradation 
[8],  as  shown  in  figure  7. 
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A£[%]  emittance  growth 


Figure  6:  Emittance  growth  as  a  function  of  . 
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Figure  7:  Norm,  rms  emittance  versus  rise  time. 

But  laser  pulse  shaping  with  short  rise  time  may 
result  in  the  formation  of  longitudinal  ripples. 
Therefore,  the  effect  of  a  laser  pulse  with  longitudinal 
ripples  has  been  investigated.  The  beam  is  assumed  to 
be  transversely  uniform  in  these  studies.  The  striking 
result  is  that  even  with  a  30%  of  longitudinal 
irregularity  the  beam  emittance  degradation  is  limited 
to  6%.  This  result  can  be  interpreted  as  if  the  space- 
charge  force  induces  a  compensation  of  the 
longitudinal  irregularity.  This  hypothesis  is  justifed  by 
PARMELA  simulation  results.  In  figure  8  the 
evolution  of  longitudinal  beam  distributions  are 
displayed.  At  the  cathode  the  temporal  spectrum  has  a 
30  %  ripple  overlapped  on  a  square  pulse,  the  relative 
energy  spread  is  zero.  As  the  beam  goes  through  the 
gun  and  drifts  the  temporal  oscillations  transform  in 
energy  oscillations.  At  the  entrance  of  the  first 
acceleration  structure  (at  z=150  cm)  the  beam  has  lost 
the  temporal  ripples,  which  have  converted  into  energy 
variations  through  a  fractional  plasma  oscillation. 
These  energy  ripples  do  not  have  any  notable  effect  to 
the  rms  energy  spread  at  the  end  of  the  linac,  as  they 
are  soon  suppressed  inside  the  first  accelerating 
structure.  These  results  indicate  that  the  shape  of  the 
laser  pulse  should  be  square  with  a  very  small  rise 
time,  whether  a  smooth  temporal  profile  is  not  a 
stringent  requirement. 


Figure  8;  Longitudinal  beam  distribution:  phase  and 
energy  spectrum  in  the  upper  and  lower  plots, 
respectively.  Left  plot:  initii  distribution  at  cathode 
(z=0  m);  right  plot:  beam  at  z=l,5  m. 

CONCLUSIONS 

Start  to  end  simulation  of  the  optimal  SPARC 
working  point  have  shown  that  we  can  meet  the  FEL 
requirements  with  a  reasonable  parameter  set.  The 
requirements  on  the  longitudinal  and  transverse  profile 
of  the  laser  pulse,  the  phase  jitters,  the  laser  pointing 
stability  have  been  set.  Preliminary  sensitivity  studies 
have  not  shown  dramatic  concerns  about  the  possibility 
of  stable  operation.  A  more  systematic  [9]  study  is  in 
progress . 
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Abstract 

The  generation  of  high  brightness  electron  beams  with 
sub-ps  bunch  lentgh  at  kA  peak  currents  is  a  crucial 
requirement  in  the  design  of  injectors  for  Linac  based  X- 
Ray  pel's.  In  the  last  years  the  proposal  to  use  a  slow 
wave  RF  structure  as  a  rectilinear  compressor  in  this 
range  of  interest,  to  overcome  the  difficulties  related  to 
magnetic  compressors,  has  been  widely  discussed  in  the 
accelerator  physics  community.  In  this  paper  the  results  in 
the  design  and  study  of  a  3  GHz  model  structure  will  be 
presented. 

INTRODUCTION 

The  need  to  produce  high  brightness  electron  beams 
delivered  in  short  (sub  picosecond)  bunches  has  been 
driven  recently  by  the  demands  of  X-Ray  SASE  FELs, 
which  require  multi-GeV  beams  with  multi-kA  peak 
currents  and  bunch  lengths  in  the  100-300  fs  range, 
associated  to  normalized  transverse  emittances  as  low  as 
few  mm  mrad.  The  strategy  to  attain  such  beams  is  based 
on  the  use  of  RF  Linacs  in  conjunction  with  RF  laser 
driven  photo-injectors  and  magnetic  compressors.  The 
formers  are  needed  as  sources  of  low  emittance  high 
charge  beams  with  moderate  currents,  the  latter  are  used 
to  enhance  the  peak  current  of  such  beams  up  to  the 
design  value  of  2-3  kA  by  reduction  of  the  bunch  length 
achieved  at  relativistic  energies  (>  300  MeV). 
Nevertheless  the  impact  of  magnetic  compressors  on  the 
beam  dynamics  is  quite  relevant,  with  tendency  to  reduce 
the  performances  of  the  whole  system  in  terms  of  the  final 
beam  brightness  achievable  [1]. 

In  the  last  years,  developing  a  previous  work  about  a 
plasma  buncher  scheme,  alternative  option  of 
compression  based  on  slow  wave  RF  fields  has  been 
proposed  [2].  The  basic  idea  is  to  develop  a  rectilinear  RF 
compressor  that  works  indeed  as  a  standard  accelerating 
structure  which  simultaneously  accelerates  the  beam  and 
reduces  its  bunch  length. 

RF  RECTILINEAR  COMPRESSOR 
THEORY 

The  great  advantage  of  a  rectilinear  scheme  is 
obviously  the  absence  of  curved  path  trajectories,  in 
addition  to  the  fact  that  compression  is  applied  at 
moderate  energies  (from  10  to  100  MeV)  leaving  the 
Linac  free  from  any  further  beam  manipulation. 


We  briefly  report  the  basic  elements  of  the  theory  of  RF 
compressor  as  outlined  in  ref.2. 

The  interaction  between  an  electron  and  the 
longitudinal  component  E,  of  the  RF  field  in  a  RF 
travelling  wave  structure  is  described  by  the  Hamiltonian 

H  =  y- -  a 

T 

where  =  1  +  — —  is  the  normalized  energy  of  the 
me 

electron,  ^  =  (jot  —  Az  —  ^q)  is  the  phase  of  the  wave  as 
seen  by  the  electron  (y/^  is  the  injection  phase)  and 

^^0 

cc  -  IS  a  dimensionless  parameter  which 

Imc^k 

represents  the  accelerating  gradient. 

If  we  consider  a  wave  whose  phase  velocity  is  slightly 

lower  than  c,  we  have  that  A  =  Aq  +  AA  =  —  +  AA:  (where 

c 

the  detuning  parameter  is  small  i.e.  AA:  «^q)  and  we 
can  vmte  for  the  resonant  beta  and  gamma  the 
^  ^  cAA 

expressions  p  =1 - and  = 

'*  CO 

The  behaviour  of  the  RF  compressor  may  be  easily 
understood  looking  at  the  phase  contour  plots  in  the  [y,^] 
phase  space.  As  an  example  we  have  considered  a  wave 
of  amplitude  a  =  0.65  and  resonant  gamma  yr  =  24.  This 

corresponds  to  a  wave  phase  velocity  of  P  =0.999. 

In  fig.  1  we  plot  a  phase-space  diagram  showing  that 
particles  injected  with  a  phase  equal  to  -7r/2  and  an 
energy  smaller  than  the  resonant  one,  will  slip  back  in 
phase  while  accelerated  up  to  y  =  yr.  Due  to  the  nature  of 
phase  lines  the  bunch  will  have  a  phase  spread  (i.e.  a 
bunch  length)  smaller  than  the  initial  one.  For  the  same 
reason  a  further  acceleration  would  clearly  tend  to  de¬ 
compress  the  bunch. 

The  figure  of  merit  for  the  compression  process  may  be 
defined  as  the  ratio  between  the  initial  phase  spread  and 
the  final  one  at  the  extraction.  Values  in  excess  of  10  may 
be  reached  in  such  a  scheme.  A  proper  matching  of  the 
beam  into  the  accelerating  section  and  an  additional 
focusing  provided  by  external  solenoids  has  been  shown 
by  simulation  to  obtain  a  proper  preservation  of  the 
transverse  emittance  as  discussed  in  Ref.  [3] 
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Fig.  1  Phase  space  plots  of  a  slow  RF  wave 

DESIGN  OF  CELLS  FOR  A  SLOW  WAVE 
RF  COMPRESSOR 

In  the  last  year  preliminary  experimental  investigations 
have  been  carried  out  using  speed  of  light  linac  sections, 
which  showed  the  validity  of  the  velocity  bunching 
concept[3].  In  such  a  frame  our  group  started  an 
experimental  activity  aimed  at  the  development  of  cells 
for  the  construction  of  a  slow  wave  TW  structure  which 
can  be  used  as  a  RF  compressor.  Table  1  shows  the  main 
parameters  which  we  took  as  a  reference  for  our 
investigations. 

Table  1  Reference  parameters  for  the  study  of  the  RF 
compressor 


Parameter 

Value 

Frequency  of  the  wave  structure 

2856  MHz 

Linac  structure 

TW 

Accelerating  gradient 

20  MV/m 

Initial  energy 

6MeV 

Extraction  energy 

16Mev 

Compression  factor 

7 

RF  pulse  repetition  rate 

1-10 

Bunch  length 

10  ps 

The  required  compression  factor  calls  for  the 
availability  of  a  structure  able  to  control  the  phase 
velocity  in  the  range  between  0.999  c  and  c.  In  an  iris 
loaded  TW  structure  the  equation: 

(dvf/vf)  =  (df/f)  (1  -  vf/vg) 

shows  that  the  Vf  can  be  controlled  by  changing  the 
excitation  frequency  or,  in  a  equivalent  way,  by  detuning 
the  structure.  A  suitable  approach  may  be  that  to  use  a 
thermal  control  process  that  change  the  Vf  at  a  fixed 
exciting  frequency.  The  feasibility  of  such  an  approach 
has  been  initially  studied  referring  to  the  typical 
parameters  of  a  SLAC  structure.  The  results  obtained 
show  that  a  change  of  the  order  of  1&>  of  the  phase 
velocity  is  equivalent  to  a  variation  of  the  order  of  0.6  °C 
in  the  temperature  of  the  structure.  This  calls  for  a  system 
able  to  control  in  real  time  the  temperature  with  a 


resolution  of  the  order  of  0,06°C  under  a  RF  power  load 
of  the  order  of  --  1.5  kW.  We  evaluated  that  it  would  be 
too  much  difficult  to  achieve  such  a  performance  and  we 
tried  to  approach  the  problem  with  a  new  cell  design.  The 
goal  was  to  obtain  a  structure  able  to  decrease  of  a  factor 
of  3  the  thermal  sensitivity,  so  that  the  required  phase 
velocity  modulation  will  ask  for  a  temperature  variation 
of  the  order  of  2  °C.  The  fact  that  the  required 
accelerating  gradient  is  lower  with  respect  to  a  standard 
SLAC  structure  gave  us  a  certain  degree  of  freedom  in  the 
design  as  far  as  the  shunt  impedance  figure  is  involved. 
Table  2  shows  the  main  parameters  of  the  new  structure 
(referenced  as  ALMA  3)  which  we  propose  for  the  RF 
compressor. 


Table  2  Main  parameters  of  the  Alma  3  TW  structure 


SLAC  MarkrV 

Alma  3 

Cell  radius  (mm) 

41.24 

42.60 

Iris  radius  (mm) 

11.30 

15.40 

Disk  thickness  (mm) 

5.84 

5.90 

Cell  length 

35 

35 

Frequency  (MHz) 

2856 

2856 

Mode 

27t/3 

2id3 

Q.  .  . 

13200 

13084 

Shunt  impedance  (MOhm/m) 

53 

41 

Vg/c 

0.0122 

0.0341 

AT  (equivalent  to  1&  Vf ) 

0.6  °C 

2.0  °C 

Tuning  ring  capability 
(MHz) 

- 

18 

Tuning  rod  capability  (kHz) 

- 

200 

The  mechanical  design  of  the  cell  has  been  carried  out 
in  a  complete  fashion  taking  into  account  the 
requirements  due  to  the  cooling  system  and  to  the  brazing 
process  to  join  cells  to  give  the  final  structure. 

At  the  same  time,  at  least  for  the  first  prototypes,  we 
add  frequency  control  capabilities  to  the  cells  both  during 
the  mechanical  machining  (using  a  tuning  ring)  and  after 
the  brazing  (using  a  set  of  tuning  rods).  Such  a  feature 
has  been  foreseen  to  allow  to  control  the  influence  of  the 
achievable  mechanical  tolerances  on  the  frequency 
response  of  the  cells  (a  tolerance  of  0.01  mm  in  the  cell 
diameter  gives  an  uncertainty  of  370  kHz  in  frequency) 
and  to  provide  a  tuning  tool  for  field  adjustment. 

The  thermal  control  of  this  structure  will  be  obtained 
using  8  channels  for  water  flow.  These  channels  have 
been  machined  within  the  cells  body  to  provide  a  better 
heat  exchange.  The  behaviour  of  Ihis  design  has  been 
verified  under  the  expected  RF  power  load  using  the  finite 
element  code  Ansys.  The  results  of  this  analysis  show  that 
the  system  will  be  suitable  to  match  our  requirements  (fig. 
2).  The  so  far  obtained  thermal  sensitivity  allows  to  use  a 
refrigeration  unit  with  a  control  capability  of  the  order  of 
0.1°C@45°C  operating  point.  Such  units  are 
commercially  available  and  we  plan  to  use  one  of  these  as 
the  basic  building  block  of  the  thermal  control  setup. 

To  prove  the  reliability  of  the  design  and  to  gain 
experience  on  such  a  structure  we  machined  a  4  cells 
aluminum  prototype.  The  cells  were  stacked  together 
using  stainless  steel  threaded  rods. 
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Fig.  2  Ansys  simulation  of  the  thermal  behaviour  of  the 
ALMA  3  structure 


The  machining  of  these  cells  was  simplified  with 
respect  to  the  final  ones  removing  the  cooling  channels 
and  the  brazing  grooves.  The  mechanical  tolerances 
obtained  were  quite  close  to  those  required  and  this 
allowed  to  cany  out  significant  measurements  both  on  the 
single  cell  and  on  the  set  of  the  four  cells. 

The  resonant  frequency  measurements  on  the  single 
cells  were  in  very  good  agreement  with  the  expected 
values  obtained  with  the  code  Superfish  and  confirmed 
the  influence  of  the  mesh  value  adopted  in  the  numerical 
analysis  (0.15  mm  which  gave  us  a  frequency  accuracy  of 
the  order  of  100  kHz).  For  the  sake  of  simplicity  we 
started  considering  this  assembly  as  a  SW  structure  giving 
us  the  opportunity  of  sampling  the  dispersion  curve  at  4 
points  and  to  check  field  profile  (Fig.  3). 

Mode  2/3it(SW} 


Fig.3  Measurements  of  the  ALMA  3  structure 
accelerating  field 

The  dispersion  curve  as  a  function  of  the  cells 
temperature  was  measured  using  a  test  bench  based  on  a 
laboratory  oven.  The  internal  size  of  the  oven  allows  to 
position  the  4  cells  stack  along  with  RF  probes  and 
temperature  sensors  to  characterize  the  oven  behaviour 
and  to  measure  the  cells  temperature.  Measurements  were 
carried  out  in  the  range  between  25  and  45  °C.  The  oven 
stability  was  of  the  order  of  0.1  ®C.  The  results  (Fig.  4) 
proved  a  good  agreement  with  the  predicted  behaviour  of 


the  phase  velocity  and  gave  the  final  validation  of  the 
whole  design. 

At  the  same  time  that  we  carry  out  the  above  described 
measurements,  the  OFHC  copper  to  be  used  for  the 
machining  of  a  new  9  cells  prototype  has  been  forged  by 
an  Italian  company  according  to  our  specifications.  Great 
care  has  been  taken  to  the  control  and  measurement  of  the 
grain  size  of  the  bulk  material  (<  100  pm)  in  order  to 
match  the  requirement  for  the  brazing  procedure.  This 
process  will  be  carried  out  at  CERN  and  the  whole  cycle 
has  been  defined  in  agreement  with  CERN  specialists. 
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Fig.  4  Measurements  of  the  ALMA  3  structure 
dispersion  curve 


CONCLUSIONS 

The  design  of  a  new  cell  for  a  RF  compressor  working 
in  the  S-band  has  been  completed  and  the  measured 
performances  of  a  first  aluminum  prototype  have  proven 
the  feasibility  of  such  an  approach. 

At  this  time  the  machining  of  the  copper  cells  has  been 
started  and  we  plan  to  have  a  9  cells  brazed  structure 
within  the  end  of  June  2003. 
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Abstract 

A  22-GH2  demountable  cavity  on  the  cold  head  of  a 
compact  refrigerator  system  was  used  to  measure  the  RF 
performance  of  several  copper-plated  Beryllium  samples. 
The  cavity  inner  surface  was  treated  by  chemical 
polishing  and  heat  treatment,  as  well  as  an  OFE  copper 
coupon  to  provide  a  baseline  for  comparison.  The 
measured  surface  resistance  was  reasonable  and 
repeatable  during  either  cooling  or  warming.  Materials 
tested  included  four  grades  of  Beryllium,  OFE  copper, 
alumina-dispersion  strengthened  copper  (Glidcop®),  and 
Cu-plated  versions  of  all  of  the  above.  Two  coupons,  Cu- 
plated  on  Beryllium  0-30  and  1-70,  offered  comparable 
surface  resistance  to  pure  OFE  copper  or  Cu-plated 
Glidcop.  The  RF  surface  resistance  of  Cu-on-Beryllium 
samples  at  cryogenic  temperatures  is  reported  together 
with  that  of  other  reference  materials. 


INTRODUCTION 

Beryllium  material  offers  extremely  low  thermal 
expansion  plus  very  high  thermal  conductivity  at 
cryogenic  temperatures.  High-purity  Be  also  has  high 
electric  bulk  conductivity  at  cryogenic  temperatures, 
which  suggest  that  RF  performance  of  bare  Beryllium 
should  be  high.  Past  efforts  to  produce  high-performance 
Be  RF  surface  have  failed  to  meet  expectations,  whereas 
measurements  of  copper  on  Be  at  cryogenic  temperatures 
have  proven  effective.  This  attempt  [1,2]  to  produce  Cu- 
plated  RF  surfaces  on  Be  substrate  aims  to  combine  the 
excellent  bulk  thermal  properties  of  the  Be  substrate  with 
the  good  RF  properties  of  copper.  If  successful,  this 
material  should  tolerate  very  high  surface  power  densities 
and  thus  can  be  used  in  the  production  of  high  power  RF 
cavities  that  do  not  exhibit  diermal  distortion.  Work  with 
small  coupons  was  performed  to  allow  confirmation  of 
the  desired  RF  performance  and  development  of  plating, 
fabrication,  and  brazing  processes. 

EXPERIMENTAL  SETUP 

The  experimental  setup  is  shown  in  Fig.  1 .  The  cavity 
itself  consists  of  two  components:  one  is  machined  out  of 
a  block  OFE  copper,  with  a  cylindrical  cavity  and  a  small 
annular  groove  on  the  flat  end  wall.  The  other  is  a 
replaceable  endplate.  The  dimensions  of  the  cavity  are 
20.138  mm  diameter  and  12.454  mm  length.  The  detailed 
calculation  of  the  cavity  modes  can  be  found  elsewhere  [3] 
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and  the  typical  values  are  as  follows.  At  room  temperature 
(p  =  1.72  X  10'®  Qm),  the  working  mode  of  the  cavity  is 
TEoii  at  21.75  GHz,  and  the  skin  depth  is  0.448  pm  for 
both  TEoii  and  TMm.  The  groove  serves  to  shift  its 
frequency  down  from  that  in  an  exact  pillbox,  where  TEqh 
mode  would  be  degenerate  with  two  TMm  modes.  At  the 
middle  of  the  height,  the  cylinder  has  two  RF  ports  with 
loop  couplers  made  of  a  50  Q  coaxial  line.  The  couplings 
are  fixed  around  1%  at  room  temperature.  TMm  modes 
are  unexcited  by  adjusting  the  loop  direction.  The 
advantage  of  working  with  TEon  mode  is  that  there  is  no 
surface  current  across  the  aimular  contact  between  the  test 
coupon  and  the  cylinder,  so  that  the  quality  of  the  contact 
is  not  crucial. 

The  cavity  was  evacuated  with  a  turbo-molecular  pump 
station  through  four  small  holes  of  2  mm  diameter  on  the 
top  surface.  The  typical  vacuum  was  around  10"^  Ton- 
before  cooling  down.  The  temperature  of  cavity  was 
monitored  with  a  silicon  diode.  The  resonant  frequency 
was  defined  as  the  frequency  at  which  the  transmitted 
power  of  the  network  analyzer  took  the  maximum  value 
of  the  S21  coefficient  in  the  scattering  matrix.  The  quality 
factor  Ql  was  determined  through  the  half-power  points 
of  the  S21  coefficient.  From  the  Sn  and  S22  coefficients, 
the  coupling  factors  Pi  and  P2  were  calculated.  The  cavity 
was  placed  on  the  cold  head  of  a  compact  refrigerator 
system.  The  lowest  temperature  achieved  was  ^12  K.  A 
LabView  software  was  developed  to  automate  the 


Figure  1:  Schematic  diagram  of  experimental  setup  with  a 
22  GHz  demoimtable  cavity.  Tlie  network  analyzer 
automatically  measured  the  transmission  S21  and  the 
reflections  Sn  and  S22  during  either  cooling  down  or 
warming  up. 
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measurement,  i.e.,  the  unloaded  quality  factors  Qo  were 
obtained  continuously  during  cooling  down  or  warming 
up- 

The  cavity  inner  walls  and  one  reference  OFE  copper 
coupon  were  chemically  polished  (CP)  with  a  mixture  of 
phosphoric  acid  (85  %),  nitric  acid  (69.8  %)  and  acetic 
acid  (99.9  %)  in  a  volumetric  ratio  of  11:4:5.  They  are 
then  heat  treated  in  a  hydrogen  furnace  at  790  ®C  for  a 
few  minutes.  The  Qo,cu(7),  or,  in  the  form  of  R5,cu(7),  as 
a  function  of  temperature  was  measured  as  reference  for 
later  comparison.  Then  the  endplate  was  replaced  by  the 
various  test  coupons. 

The  surface  resistance  of  the  test  coupons  Rs,s(7)  at 
temperature  T  can  be  obtained  from, 

R.  . 

:-i)+i,  (1) 


KcuiT)  Qo,cu.s(T) 


where  k,  4.7737,  is  the  geometrical  factor  of  the  cavity. 


content  was  necessary  in  order  for  the  material  to  survive 
the  brazing  process  without  blistering.  The  hydrogen 
atmosphere  is  able  to  reduce  oxides  within  a  short 
distance  of  the  copper  surface  without  damage  to  the 
copper.  Therefore,  the  plating  probably  does  not  need  to 
meet  the  <  5  ppm  oxygen  specification.  Nonetheless, 
every  effort  was  made  to  approach  the  99.99%  purity 
level  in  order  to  obtain  acceptable  RF  surface  resistance. 

Two  Glidcop  coupons  were  prepared  with  and  without 
copper  plating,  just  for  comparison.  Cyanide-copper 
plating  was  used  rather  than  the  typical  “bright-acid”  type, 
since  the  former  exhibits  fewer  problems  in  hydrogen- 
furnace  brazing.  The  RF  performance  of  cyanide-copper 
plating  was  previously  unimown. 

The  details  of  the  coupon  fabrication  are  reported 
elsewhere  [1],  All  coupons  we  measured  are  listed  in 
Table  1. 


COUPON  PREPARATION 

Four  different  grades  of  Beryllium  substrate  have  been 
prepared,  S-200FH,  S-65,  1-70,  and  0-30.  The  primary 
differences  between  these  grades  were  a)  oxide  content, 
and  b)  means  of  preparation  of  the  “powder”  from  which 
the  larger  pieces  were  made  (using  HIP).  For  instance, 
the  0-30  was  made  from  “spherical  atomized”  powder, 
and  1-70  from  “impact  ground”  powder.  At  least  one 
coupon  of  each  Be  substrate  candidate  was  given  a  2.5  -  5 
pm  thick  “strike”  of  Nickel  (diffusion  barrier)  and  then 
plated  100-200  pm  with  high-purity  copper.  Bare  Be 
coupons  and  copper-plated  coupons  were  made  from  each 
of  these  substrate  materials. 


Table  1 .  A  summary  of  coupons  prepared  for  testing. 


Sample  Ser.# 

— - - - - * - ^ - OJ. _ 

Cl 

Pure  OFE-copper,  chemical  polished 
(CP)  and  heat  treatment 

C2 

Pure  OFE-copper 

SI 

Stainless  steel  304 

Gl 

Cu-plated  Glidcop 

G3 

Glidcop 

O-30SN1 

Cu-coated  on  Beryllium 

O-30SN3 

Bare  beryllium 

I-70SN1 

Cu-coated  on  Beryllium 

I-70SN3 

Bare  beryllium 

S-200FHSN1 

Cu-coated  Beryllium 

S-200FHSN3 

Bare  Beryllium 

S-65SN1 

Cu-coated  Beryllium 

S-65SN3 

Bare  Beryllium 

For  baseline  comparison,  we  made  coupons  from  a) 
300-series  stainless  steel,  b)  OFE  copper,  and  c)  Glidcop 
with  and  without  copper  plating. 

“OFE  copper,  ASTM  F68  class  2  or  better”  is  specified 
by  LANL  for  hydrogen  furnace  brazed  RF  structures. 
The  relevant  factors  were  that  it  had  to  be  99.99%  copper 
and  less  than  5ppm  oxygen.  The  low-bulk  oxygen 


RESULTS 

In  order  to  calculate  the  RF  surface  resistance  of  the  test 
coupons,  the  reference  OFE  copper  endplate  Cl  was 
measured  first.  Figure  2  shows  the  Qo  and  Rs  in  the 
function  of  temperature.  The  curves  during  cooling  and 
warming  were  consistent  with  each  other. 

We  repeated  the  measurement  for  each  of  the  coupons, 
as  shown  in  Fig.  3.  The  surface  resistance  for  Gl,  Cu- 
plated  Glidcop,  was  comparable  to  that  of  OFE-copper  C2 
without  chemical  polishing  and  heat  treatment. 


T(K) 


Figure  2.  The  unloaded  quality  factors  Qo  and  the 
surface  resistance  Rs  of  the  reference  OFE  copper 
sample  as  a  function  of  temperature.  The  crosses  (x) 
and  circles  (o)  show  the  data  during  cooling  down  and 
warming  up,  respectively,  and  the  corresponding  Rg  are 
shown  with  plus  (+)  and  rectangular  (□)  markers.  The 
solid  line  shows  the  surface  resistance  measured  with  a 
mirror-finished  cavity  at  13.6GHz  [4]  (the  data  is  scaled 
to  21.75  GHz  by  f^^^  law).  The  dashed  line  near  the 
right  vertical  axis  is  the  expected  Qo  by  calculation,  the 
corresponding  surface  resistance  is  indicated  by  the 
triangles  (A) . 
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Figure  3.  The  Rs  for  Cl,  C2,  Gl,  and  G3  as  a  function  of 
temperature  together  with  data  of  a  mirror-finished  OFE 
copper  measured  elsewhere  [4]. 


T(K) 


Figure  4.  The  Rs  of  the  Cu-plated  on  0-30  Beryllium 
substrate  as  a  fimction  of  temperature. 

Four  pairs  of  Cu-plated  Be  and  bare  Be  samples  have 
been  measured.  One  example  is  shown  in  Fig.  4.  The  test 
coupon  is  Cu-plated  on  0-30  Be  substrate,  and  the  surface 
resistance  is  comparable  to  OFE  copper  (C2)  over  the  full 
temperature  range.  At  22  GHz,  the  RF  skin  depth  is  less 
than  or  equal  to  the  oxide  layer  thickness  on  bare 
Beryllium.  Thus,  though  we  tried  to  measure  the  bare  Be 
coupons,  we  were  unable  to  measure  the  RF  properties  of 
metal  Be.  The  measured  R*  were  erratic  and  was  much 
worse  than  the  value  that  would  be  predicted  from  the  DC 
electrical  bulk  resistivity. 

EFFECT  OF  SURFACE  ROUGHNESS 

We  found  that  the  roughness  of  test  coupons  has  a  very 
significant  effect  at  22  GHz.  The  roughness  of  8  coupons 
has  been  measured,  and  the  average  values  are  listed  in 
Table  2.  A  typical  value  of  RF  skin  depth  for  pure  OFE 
copper  at  22  GHz  is  about  0.448  pm.  Although  the 


coupon  Cl  surface  was  treated  very  carefully  with 
chemical  polishing  and  heat  treatment,  its  average 
roughness  was  still  0.163  pm,  not  small  enough  if 
compared  to  0.448  pm  skin  depth.  This  may  explain  why 
the  unloaded  quality  factor  was  lower  than  the  expected 
value. 


Table.  2:  Roughness  and  surface  resistance  of  measured 
coupons. _ 


Sample  Ser.# 

Roughness 

Ra{nm) 

R,(fi) 

@73K 

R.(n) 

@293K 

Cl 

0.163 

0.026 

0.070 

C2 

0.83 

0.043 

0.100 

SI 

0.347 

0.388 

Gl 

0.586 

0.044 

0.096 

G3 

0.155 

0.078 

0.133 

O-30SN1 

0.632 

0.041 

0.101 

I-70SN1 

1.238 

0.042 

0.109 

S-200FHSN1 

0.988 

0.087 

0.208 

S-65SN1 

0.644 

0.168 

0.287 

The  roughness  of  C2  was  much  worse  than  CL  It  was 
clearly  shown  that  the  chemical  polishing  and  heat 
treatment  were  effective  to  improve  the  surface  roughness. 

SUMMARY 

The  RF  surface  resistance  as  a  fimction  of  temperature 
down  to  ~  12  K  was  measured  using  a  22-GHz  TEon 
mode  cavity. 

Among  four  Cu-plated  Be  coupons,  two  coupons  Cu- 
plated  on  Be  0-30  and  1-70  showed  a  comparable  RF 
performance  to  that  of  the  pure  OFE  copper  and  the 
copper-plated  Glidcop  over  the  full  temperature  range. 
The  “cyanide  copper”  plating  method  was  shown  to  be 
acceptable. 

Our  next  step  is  to  perform  heat  treatment  of  the 
copper-plated  Be  coupons  to  investigate  the  stability  and 
RF  performance  degradation  caused  by  Be/Cu  dif^sion 
during  braze  heat. 
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Abstract 

Berkeley  Lab  has  proposed  to  build  a  recirculating  linac 
based  x-ray  source  for  ultra-fast  dynamic  studies  [1].  This 
machine  requires  a  flat  electron  beam  with  a  small  vertical 
emittance  and  large  x/y  emittance  ratio  to  allow  for 
compression  of  spontaneous  undulator  emission  of  soft 
and  hard  x-ray  pulses,  and  a  low-emittance,  round 
electron  beam  for  coherent  emission  of  soft  x-rays  via  the 
PEL  process  based  on  cascaded  harmonic  generation  [2]. 
We  propose  an  injector  system  consisting  of  two  high 
gradient  high  repetition  rate  photocathode  guns  [3]  (one 
for  each  application),  a  '-1 20  MeV  superconducting  linear 
accelerator,  a  3"*^  harmonic  cavity  for  linearization  of  the 
longitudinal  phase  space,  and  a  bunch  compressor.  We 
present  details  of  the  design  and  the  results  of  particle 
tracking  studies  using  several  computer  codes. 

INTRODUCTION 

The  proposed  Linac-based  Ultra-fast  X-ray  source 
(‘LUX’)  facility  [1]  requires  a  high-brightness,  high  duty 
factor,  and  highly  reliable  electron  beam  injector  to 
produce  both  hard  x-rays  by  spontaneous  emission  in 
undulators  and  wigglers  and  soft  x-rays  in  cascaded 
harmonic  generation  free-electron  lasers.  Two  rf 
photoinjector  guns  produce  electron  beams  with  very 
different  emittance  profiles,  albeit  with  similar  brightness, 
for  the  different  x-ray  production  modes.  The  parameters 
for  the  injector  are  listed  in  Table  1 . 


Energy  at  rf  gun  exit 

~10 

MeV 

Energy  at  compressor  entrance 

-120 

MeV 

Bunch  charge 

1-3 

nC 

Flat  beam  injector  (1  nC): 

Horizontal  emittance 

-20 

mm-mrad 

Vertical  emittance 

<0.4 

mm-mrad 

Total  emittance 

<3 

mm-mrad 

Round  beam  injector  (1  nC): 

Emittance 

<2 

mm-mrad 

Uncorrelated  energy  spread 

±15 

keV 

Correlated  energy  chirp 

±600 

keV 

Bunch  length  at  compressor  entrance 

-20 

ps 

Bunch  length  at  compressor  exit 

2 

ps 

Repetition  rate 

-10+ 

kHz 

Table  1 :  LUX  photoinjector  parameters. 


The  dual-gun  injector  complex  is  shown  schematically  in 
Figure  1.  Two  rf  photoinjector  guns  [3]  provide  time- 
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interleaved  beams  at  the  lOkHz  repetition  rate.  One  gun 
utilizes  a  magnetized  cathode  configuration  for  flat  beam 
production  [4],  while  the  other  gun  produces  a  typical 
‘round’  beam  fi-om  an  unmagnetized  cathode.  The  beams 
from  the  two  guns  are  both  injected  into  the  super¬ 
conducting  linac  and  from  there  follow  an  identical 
beamline.  The  magnetized  beam  follows  a  linear 
trajectory  to  the  linac,  while  the  unmagnetized  beam  is 
transferred  via  an  achromat  transfer  line  from  a  gun 
situated  off-axis. 


PuKcd 

Hal  tvam  adaptor  npiies 

comhinct  . 

m  i'-iioi  mjec-ior 

V  (magneli/cdcath(Xle) 

'  r-J  rS— - i  1 20  McV  supcrconduciinR  linac  1  ■  - — 1 

\  ^ . . . 

^  ■ 

/  10  McV 

Bcamlinc  to  compressor  and  transport 
to  recirculating  linac. 

/  Riiund  beam  injector 

Achromu!  iran'iior  line 

Figure  1:  LUX  dual-gun  injector  complex. 


Following  the  linac,  a  3’"^  harmonic  (3.9GHz)  cavity 
(3HC)  acts  to  linearize  the  longitudinal  phase  space  of  the 
beam,  and  to  impose  the  requisite  correlated  energy  chirp 
prior  to  injection  to  the  compressor  beamline  and  transfer 
to  the  main  recirculating  linac  of  LUX.  Between  the  3HC 
and  the  compressor  is  the  ‘Adapter’  beamline  of  skew 
quadrupoles  followed  by  normal  quadmpoles.  The  skew 
quadrupole  lattice  removes  the  angular  momentum  carried 
by  the  magnetized  (‘flat’)  beam,  producing  a  beam  with 
large  (--50)  ratio  between  horizontal  and  vertical 
emittance.  The  normal  quadrupoles  then  match  the  beam 
to  the  compressor. 

BEAMLINE  OPTIMIZATION 

We  have  optimized  the  generation,  transport,  accel¬ 
eration,  and  manipulation  of  the  electron  beams  using  the 
2.5D  particle  tracking  zodQ  Astra  [5].  Optimization  seeks 
to  find  beamline  parameters  that  simultaneously  produce 
both  sets  of  beams  (‘flat’,  ‘round’)  which  satisfy  the 
performance  requirements  (Table  1).  Considerable  effort 
has  been  spent  on  studying  emittance  compensation  [6] 
for  beams  carrying  significant  canonical  angular  mo¬ 
mentum.  The  evolution  of  the  magnetized  beam  is  shown 
in  Figure  2,  and  that  of  the  unmagnetized  beam  in  Figure 
3.  Figure  2  shows  the  evolution  of  several  various 
normalized  RMS  ‘emittances’  projected  over  the  full  20ps 
bunch  length:  the  total  4D  emittance  (£40);  the  usual  radial 
emittance  (e^;  and  the  two  uncoupled,  normal  mode 
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emittances  (ednfi,  ecycioiron)-  For  eventual  application  of  the 
flat  beam  where  an  ultra-low  vertical  emittance  is 
required,  the  cyclotron  emittance  is  minimized.  For  quasi- 
laminar  beams,  the  circular  (normal)  mode  emittances  are 
related  to  the  radial  emittance  and  canonical  angular 
momentum  (M=xpy-ypx)  via 

25,=±(M)  +  ^(2ff,y+{M^).  (1) 

The  drift  and  cyclotron  (i.e.  circular  modes)  emittances 
correspond  to  the  (+)  and  (-)  angular  momentum  modes  in 
Equation  (1). 


Figure  2:  RMS  spot  and  normalized  emittance  evolution 
from  the  cathode  (z  =  Om)  to  the  entrance  of  the  Adapter 
(z  ==  16m)  for  the  magnetized  (‘flat’)  beam. 


Until  the  symmetry  of  the  beamline  is  broken  in  the  skew- 
quadrupole  Adapter  lattice,  the  canonical  angular  mo¬ 
mentum  of  the  beam  is  conserved.  Hence,  emittance 
compensation  in  this  beamline  can  be  monitored  by 
observing  the  evolution  of  the  radial  emittance.  Figure  2 
illustrates  that  compensation  of  the  cyclotron  emittance 
through  the  linac  tracks  along  with  the  radial  emittance. 
The  total  4D  emittance  (conserved  for  linear  forces) 
remains  essentially  constant  along  this  entire  portion  of 
the  beamline,  and  at  ~2.5  mm-mrad  meets  the  injector 
specifications  with  some  overhead. 

The  evolution  of  the  unmagnetized  beam  up  to  the 
Adapter  lattice  is  shown  in  Figure  3.  The  gun-to-linac 
drift  length  has  been  increased  from  3m  to  5m  to  match 
the  phase  of  the  emittance  oscillation.  In  so  doing,  the 
radial  emiftance  is  compensated  at  the  linac  exit,  also  with 
some  overhead  compared  to  specifications. 

FLAT  BEAM  ADAPTER  OPTICS 

Following  the  3"^  harmonic  cavity  is  the  Adapter  lattice 
consisting  of  3  skew  quadnipoles.  The  spacing  and 
excitation  strength  of  the  skew  quadnipoles  are 
determined  [7]  to  cancel  the  correlations  induced  by  the 
canonical  angular  momentum  and  decouple  the  horizontal 
and  vertical  phase  spaces.  When  this  is  done  properly,  the 
residual  angular  momentum  is  removed  and,  most 
importantly,  the  drift  and  cyclotron  emittances  are 


mapped  to  the  horizontal  and  vertical,  producing  a  flat 
beam.  The  evolution  of  the  horizontal  and  vertical  beam 
emittances  and  spot  sizes  are  shown  in  Figure  4. 


Figure  3:  RMS  spot  and  normalized  emittance  evolution 
from  the  cathode  to  the  entrance  of  the  Adapter  for  the 
unmagnetized  (‘round’)  beam. 


Figure  4:  Horizontal  and  vertical  RMS  spot  size  and 
normalized  emittance  evolution  in  the  Adapter. 

LONGITUDINAL  DYNAMICS  AND 
BUNCH  COMPRESSION 

Manipulation  of  the  longitudinal  phase  space  is  another 
essential  duty  of  the  injector.  To  offset  intense  space- 
charge  forces  at  low  energy,  the  beam  is  generated  at  the 
cathode  with  a  bunch  length  ~20  ps.  The  launch  phase  and 
cell-to-cell  phasing  in  the  rf  guns  are  adjusted  to  produce 
a  low  emittance  beam  with  small  uncorrelated  energy 
spread.  The  linac  produces  a  nonlinear  correlation  over 
the  bunch  length,  which  is  removed  with  the  3^*^  harmonic 
cavity.  The  evolution  of  the  longitudinal  phase  space  from 
the  U*  rf  gun  cell  to  the  gun  exit  to  the  linac  exit  and  the 
3^^*  harmonic  cavity  exit  is  shown  in  Figure  5.  As  shown, 
the  longitudinal  phase  space  at  the  entrance  to  the 
compressor  has  an  uncorrelated  energy  spread  within 
specifications. 
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Figure  5:  Development  of  longitudinal  phase  space  from 
the  rf  gun  to  the  compressor  entrance. 

After  the  flat  beam  adapter  the  electron  beam  executes 
a  180°  turn  before  it  merges  the  recirculating  linac  in  the 
bending  magnet  of  the  injection  chicane  (see  Figure  6). 
We  use  this  180°  turn  to  compress  the  electron  bunch 
from  -20-30  ps  to  approximately  2  ps.  The  design  is 
largely  affected  by  considerations  regarding  detrimental 
effects  of  CSR  (coherent  synchrotron  radiation). 
Following  [8]  we  split  the  actual  bunch  compressor  into 
two  parts  and  separate  them  by  -I  transport  lines.  The 
idea  is  to  use  the  CSR  in  the  downstream  bunch 
compressor  to  compensate  for  the  CSR  induced  excitation 
of  the  horizontal  emittance  in  the  upstream  bunch 
compressor.  This  will  give  us  only  a  limited  success 
because  of  the  difference  in  bunch  lengths  in  the  upstream 
and  downstream  bunch  compressors.  Therefore  to  im¬ 
prove  compensation  we  choose  bending  radii  for  bend 
magnets  in  the  downstream  compressor  to  be  1.5  times 
larger  than  in  the  upstream  compressor. 


B 


B 


Injector  Hnae 


B 


B  * 


Main  linac  Injection  chicane 


Figure  6:  Compressor  beamline. 


The  effect  of  CSR  on  horizontal  emittance  is  strongest 
in  the  final  bend.  This  is  because  of  the  large  beta- 
function  in  the  recirculating  linac  at  the  injection  point. 
Compensation  of  CSR  in  this  magnet  requires  more 
complicated  arrangements  for  injection  than  just  a  bend. 
We  found  that  we  can  have  a  fairly  effective 


compensation  using  four  bend  magnets  and  separate  them 
by  — /  transport  matrix.  In  this  setting,  the  two  upstream 
bends  have  the  opposite  polarity  to  the  two  downstream 
bends.  An  additional  benefit  is  that  the  overall  arrange¬ 
ment  is  achromatic. 

To  analyze  this  design  we  performed  particle  tracking 
through  the  entire  bunch  compressor  and  injection  lattice 
using  elegant  [9].  An  initial  particle  distribution  was 
loaded  that  is  uniform  both  transversely  and  long¬ 
itudinally.  Tracking  through  the  compressor  beamline 
shows  a  relative  horizontal  emittance  gain  less  than  25%, 
with  no  discemable  increase  in  energy  spread. 

CONCLUSIONS 

We  have  produced  an  injector  design  for  LUX  that 
exceeds  performance  specifications.  There  are  still  several 
areas  that  need  additional  study.  We  must  predict  any 
emittance  growth  in  the  low  energy  achromat  line,  as  well 
as  incorporate  its  optics  into  the  general  emittance 
compensation  scheme  for  the  immagnetized  beam.  The 
Adapter  beamline  has  been  optimized  for  the  production 
of  low  vertical  emittance  flat  beams  using  a  simple  skew 
quadrupole  triplet  configuration.  This  beamline  must 
perform  this  duty  while  also  matching  both  the  flat  and 
round  beam  into  the  compressor.  A  more  complicated 
beamline  may  be  required  to  perform  this  job,  and  must 
be  studied  further. 
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Abstract 

Beam  dynamics  studies  on  the  FNPL  photoinjector  that 
seek  to  optimize  the  transport  of  intense  electron  beams 
with  large  values  of  canonical  angular  momentum  have 
been  performed.  These  studies  investigate  the  effect  of 
solenoid  emittance  compensation  on  beams  that  evolve 
under  the  combined  influence  of  intense  space  charge 
forces  and  large  angular  momentum.  We  present  details  of 
experimental  measurements  and  supporting  simulations  of 
beam  envelope  evolution. 

INTRODUCTION 

Flat  beams  generated  in  rf  photoinjectors  have  been 
proposed  for  the  generation  of  short-pulse  hard  x-rays  [1] 
based  on  earlier  studies  for  linear  collider  applications  [2]. 
The  flat  beams  are  generated  by  a  technique  that  uses  a 
magnetized  cathode  to  create  strong  coupling  between  the 
horizontal  and  vertical  phase  spaces.  The  coupling  is 
removed  downstream  by  a  skew  quadmpole  lattice  which 
produces  a  beam  with  large  ratio  between  the  vertical  and 
horizontal  emittances. 

Emittance  compensation  techniques  [3]  [4]  are  now 
widely  used  in  the  design  and  operation  of  photoinjectors 
to  minimize  the  normalized  emittance  of  the  beam  as  it  is 
transported  from  the  injector.  Here,  we  study  the 
modifications  of  the  technique  for  beams  that  carry  large 
amounts  of  angular  momenta . 


THEORETICAL  DEVELOPMENT 

Emittance 

In  an  azimuthally  symmetric  system,  the  normalized  4- 
D  transverse  emittance  can  be  expressed  as  [5] 

where  r  ^  dr  Idz  and  0'  =  dd  Idz .  This  emittance  measures 
the  volume  of  the  full  4-D  transverse  phase  space. 
Photoinjector  beams  can  be  classified  as  rigid  rotators 
such  that  0  is  constant  over  all  radii.  In  this  case,  the 
normalized  radial  emittance 

e„.=\{YP)\{r^){r’^)-{r-rf]  (2) 

provides  the  full  measure  of  the  beam  phase  space. 

Beam  Envelope  Evolution 

The  envelope  equation  of  the  RMS  radial  beam  spot 
size  {0^  expressed  as  [5] 

♦This  work  was  supported  by  the  Department  of  Energy 
under  Contract  No.  DE-AC03-76SF00098. 
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The  effective  linear  restoring  force 

(4) 
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depends  on  both  the  external  magnetic  focusing  as  well  as 
acceleration.  The  normalized,  radial  emittance  (5*  term) 
and  angular  momentum  (6*  term)  contribute  similarly  to 
the  envelope  evolution  so  that  an  effective  emittance  can 
be  defined  as 

M/  •  (5) 

/{mcf 

The  (conserved)  canonical  angular  momentum  for  a  single 
electron  at  the  point  of  emission  from  the  cathode  is 


and  the  perveance  term  describing  space  charge 
defocusing  is 

fc  (7) 

Typically,  the  local  thermal  emittance  in  a  photoinjector 
beam  is  much  smaller  than  the  projected  emittance  that 
incorporates  longitudinal  (slice)  variations.  In  our  case, 
we  assume  that  the  effective  emittance  is  dominated  by 
correlated  angular  momentum  and  that  the  thermal 
contribution  is  completely  negligible. 

In  the  absence  of  acceleration,  an  equilibrium  (laminar) 
solution  to  equation  (3)  is  readily  found. 


u  =  2^^  (9) 

yPk, 

measures  the  relative  influence  between  the  perveance 
and  the  effective  emittance  in  describing  the  envelope 
dynamics.  For  space-charge  dominated  beams  p 
approaches  zero,  while  for  emittance  dominated  beams  p 
approaches  infinity. 

The  evolution  to  the  envelope  equation  linearized  about 
the  laminar  envelope  admits  oscillatory  solutions  with 
characteristic  wavenumber 


1+ 


1  +  (i  +  m')  [l +  (!  +  ;«')''' 


This  wavenumber  takes  the  limiting  forms  for  space- 
charge  dominated  and  effective-emittance  dominated 
beams, 

(jj) 
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When  acceleration  is  included,  these  same  formulae 
apply  to  describe  new  equilibria,  provided  that  the 
envelope  parameters  are  scaled  as 


2yp-  [yfimej 

“  =>  H 

<Ypr 

{Ypr% 

{rP)'\ 

\Ypfnc 


(12) 


Emittance  Compensation 

It  has  been  shown  previously  [4]  that  the  projected 
emittance  oscillates  with  the  same  spatial  frequency  as  the 
beam  envelope.  On  emission  from  the  photocathode,  the 
beam  will  contain  small  fluctuations  in  equilibrium  radius 
along  its  length.  The  different  longitudinal  beam  slices 
will  have  different  initial  phases  of  the  emittance 
oscillation.  For  small  variations  from  a  nominally 
matched  laminar  beam  the  slices  will  oscillate  together 
coherently  such  that  the  total  emittance  projected  over  all 
the  slices  has  a  sinusoidal  variation  down  the  beamline  [4] 


From  equation  (1 1),  it  is  seen  that  the  projected  emittance 
minima  occurs  periodically  along  the  beamline.  As  the 
beam  accelerates,  the  emittance  value  is  eventually 
‘frozen’  in.  Focusing  and  acceleration  profiles  for 
photoinjectors  can  be  determined  so  that  the  projected 
emittance  passes  through  a  minima  as  the  beam  energy 
increases  to  the  point  that  space-charge  induced  emittance 
oscillations  are  negligible. 

We  study  solutions  to  the  envelope  equation  by 
parameterizing  with  respect  to  the  initial  angular 
momentum.  The  RF  gun  design  may  then  be  considered 
optimized  for  a  particular  value  of  the  initial  angular 
momentum  when  the  effective  radial  emittance  is 
minimized. 


Parameterizing  With  Cyclotron  Phase  Advance 

We  have  used  HOMDYN  [6]  to  evaluate  possible 
operating  points  of  a  flat  beam  injector.  The  degree  o: 
emittance  compensation  provided  by  solenoid  focusing 
can  be  measured  against  the  cyclotron  phase  advance,  , 

eB,  (14; 
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This  parameter  is  useful  when  comparing  simulations  o: 
experimental  data  sets  when  the  initial  beam  spot  is  helc 
constant.  When  the  spot  size  varies,  the  Larmor  phas( 
advance. 


(15 


Pe _ ^ 

[my  r~  2my 

is  the  appropriate  measure  of  single  particle  azimuth 
motion.  The  utility  of  the  cyclotron  phase  advance  is  sue 
that  it  only  depends  on  the  solenoid  tune  and  the  beai 
energy.  It  provides  a  measure  independent  of  the  beai 


envelope  dynamics,  including  space  charge  and  emittance 
effects. 

EXPERIMENTAL  STUDIES  AT  FNPL 

Experimental  studies  of  flat  beam  production  has  been 
underway  at  the  FNPL  (Fermilab-NICADD  Photoinjector 
Laboratory)  facility  [7].  The  layout  of  the  FNPL  beamline 
is  shown  in  Figure  1 . 

The  FNPL  photoinjector  consists  of  a  1.6  cell,  1.3  GHz 
RF  gun  with  a  high  quantum  efficiency  Cs2Te 
photocathode  driven  by  a  frequency-quadrupled  Nd:glass 
laser,  followed  by  a  9-cell  superconducting  booster  cavity 
resulting  in  an  14-15  MeV  electron  beam.  A  dipole 
chicane  is  present  to  provide  magnetic  bunch 
compression.  As  shovra  in  Figure  1,  three  of  the  normal 
quadrupoles  have  been  rotated  about  their  axis  to  become 
skew  quadrupoles.  During  flat  beam  production,  these 
skew  quadrupoles  are  energized. 


Figure  1 :  FNPL  beamline. 


Emittance  Optimization  Studies 


Parametric  studies  were  performed  to  examine  the 
effect  of  solenoid  focusing  on  flat  beam  final  emittance 
and  emittance  ratio.  The  main  solenoid  provides  the  field 
on  the  cathode  and  defines  the  initial  canonical  angular 
momentum  on  the  beam.  The  secondary  solenoid  controls 
the  matching  into  the  booster  accelerator  and  tunes  for 
emittance  compensation. 

The  cyclotron  phase  advance  at  the  entrance  to  the 
booster  module  has  been  calculated  using  HOMDYN. 
Figure  2  shows  the  cyclotron  phase  advance  (in  units  of  ti) 
as  the  secondary  solenoid  current  is  varied  over  its  full 
range,  for  different  values  of  the  main  solenoid  current. 
By  varying  the  current  in  both  the  main  and  secondary 
solenoids  a  usable  range  of  cyclotron  phase  advance  from 
^O.Stt  to  ~1.57r  radians  can  be  explored. 
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Figure  2:  HOMDYN  simulations:  (left)  Cyclotron 
phase  advance  (in  units  of  7t)  vs.  secondaiy  solenoid 
current,  (right)  Normalized  emittances  at  the  booster  exit. 
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Beam  envelopes  and  radial  emittances  from  HOMDYN 
simulations  for  four  distinct  cyclotron  phase  advances 
(0.88  71, 1.1  jt,  1.35  7t,  1.46  jt)  are  shovyn  in  Figure  3. 


1  I 

3 
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Figure  3:  Beam  envelope  (black)  and  radial  emittance 
(red)  for  cyclotron  phase  advances  of  0.88tc,  I.Itt,  1 .357t, 
and  1.467U  (HOMDYN). 


The  absolute  values  of  the  emittance  are  properly  to 
be  recognized  as  upper  bounds,  as  they  reflect  the 
projected  emittance  averaged  over  approximately  20 
bunches  with  varying  bunch  charge  (~0.5-1.2  nC  per 
bunch),  and  hence  varying  compensated  emittance  values. 
These  studies  will  continue  with  more  stringent  control 
over  the  bunch  train  charge  profile.  _ 
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Figure  4:  Measured  vertical  emittances  of  angular 
momentum-dominated  beam  at  FNPL. 


In  the  first  two  regions  (cyclotron  phase  advance  of 
0.887c  and  I.Itt)  the  beam  is  under-compensated,  the 
emittance  increases  through  the  booster.  In  the  second 
region  (1.1  tt),  the  emittance  at  the  exit  of  the  booster  is 
reduced  by  a  factor  -2  compared  to  the  previous  case. 

We  see  here  the  utility  of  cyclotron  phase  as  a  measure 
of  emittance  compensation.  The  results  of  three  separate 
simulations,  with  different  values  of  angular  momenta, 
but  with  equal  cyclotron  phase  advance  (I.Itt)  are 
overlaid.  The  beam  envelopes  show  some  difference,  but 
the  emittance  evolution  is  identical  for  the  three  cases. 

The  third  (1.35  jt)  case  shows  the  emittance 
compensated  case,  while  the  fourth  (1.46  71:)  cases  shows 
the  over-compensated  case  in  which  the  emittance 
oscillation  has  already  passed  through  a  minimum  before 
exiting  the  booster. 

Experimental  Vertical  Emittance  Measurement 

The  vertical  emittance  at  the  entrance  to  the  skew 
quad  channel  has  been  measured  using  the  horizontal  slit 
analyzer  at  the  booster  cavity  module  exit  and  the  imaging 
the  beamlets  on  downstream  OTR  foils.  The  measured 
values  are  shown  in  Figure  4.  Over  the  range  of 
parameters  scanned,  and  by  comparison  with  Figure  2 
above,  we  see  that  the  individual  emittance  minima  occur 
for  nearly  equal  values  of  the  cyclotron  phase  advance  as 
calculated  by  HOMDYN. 
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Robert  Rinuner,  TJNAF 

Abstract 

The  LBNL  femtosecond-level  X-ray  source,  now  chris¬ 
tened  LUX,  a  source  of  hard  X-rays  with  a  pulse  length  in 
the  50-200  fsec  range,  will  operate  at  a  pulse  rate  of  up 
to  10  kHz.  The  room-temperature  1.3  GHz  photoinjector 
includes  a  modified  re-entrant  first-cell  cavity  which  min¬ 
imizes  peak  surface  field,  the  addition  of  a  third  pi-mode 
acceleration  cell,  waveguide  r.f.  feeds  to  each  cell,  and  an 
active  energy  removal  procedure  which  reduces  the  wall 
power  density  of  all  four  cells. 

INTRODUCTION 

The  LUX  [1]  [2]  RF  gun  will  provide  nominally  a  1-3 
nanocoulomb  electron  bunch,  20  psec  long,  at  a  10  kHz 
repetition  rate  from  a  laser-illunoinated  Cs2Te  photocath¬ 
ode.  The  20  psec  beam  will  be  compressed  to  2  psec  in  the 
first  180  degree  arc,  and  then  accelerated  to  2.5  GeV,  and 
then  through  crabbing  in  the  vertical  plane,  the  X-ray  pulse 
from  each  of  a  series  of  undulators  will  be  further  optically 
compressed  by  means  of  an  asymmetric  crystal  to  as  short 
as  50  fsec. 

The  resulting  photon  flux  of  10®  photons  per  pulse  per 
0.1%  bandwidth  up  to  12  keV  from  undulators  from  the 
’’flat”  beam  injector  to  10^^  at  20-1000  eV  from  cas¬ 
caded  harmonic  generation  in  FELs  from  a  future  off-axis 
’’round”  beam  injector  results  in  part  from  the  high  10  kHz 
pulse  rate,  which  presents  a  significant  challenge  for  the 
room-temperature  photoinjector.  Table  1  lists  the  impor¬ 
tant  parameters  of  the  3.5-cell  photoinjector. 


Table  1:  3.5-Cell  Photoinjector  Parameters 


Parameter 

Value 

Unit 

Frequency 

1.3 

GHz 

Duty  Factor 

5 

percent  (equiv) 

Cell  1  Qo 

21000 

(pure  Cu) 

Cell  2-4  Qo 

29000 

(pure  Cu) 

Rep  Rate 

10 

kHz 

Photocathode  Field 

64 

MV/m 

Axial  Accel  Cell  Field 

40 

MV/m 

Charge/bunch 

1-3 

ncoul 

Output  Energy 

10 

MeV 

The  photoinjector  will  be  immersed  in  a  solenoidal  mag¬ 
netic  field  to  produce  a  magnetized  beam  at  the  photo¬ 
cathode,  whose  rotational  angular  momentum  will  subse¬ 
quently  be  converted,  through  a  series  of  skew  quadrupoles, 

*  This  work  supported  by  the  US  Department  of  Eneigy  under  Contract 
No.  DE-AC03-76SF00098. 
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to  a  ’’flat”  beam  with  a  horizontal-to-vertical  emittance 
ratio  of  at  least  50  to  1.  [3]  The  small  vertical  beam  is 
then  crabbed  just  before  the  photon  radiators,  and  the 
transverse-longitudinal  correlation  is  converted  to  a  time- 
compressed  photon  pulse. 

The  selection  of  the  10  MeV  output  energy  allows  suffi¬ 
cient  room  for  a  beam  transport  system  before  a  1 10  MeV 
1.3  GHz  superconducting  accelerator  section  to  provide  for 
emittance  compensation  solenoids  and  for  the  introduction 
of  a  septum  magnet  to  combine  a  future  3.5-cell  round- 
beam  photoinjector  for  driving  a  future  FEL. 

Figure  1  shows  the  3.5  cell  photoinjector  embedded  in 
a  series  of  five  solenoids.  The  axial  magnetic  field  at  the 
photocathode  is  in  the  1 ,0  to  1 .5  kGauss  range.  For  a  round- 
beam  photoinjector,  the  solenoids  buck  the  axial  B-field  at 
the  photocathode. 


Figure  1:  3.5-Cell  Photoinjector  and  Solenoids 


CAVITY  FIELD  OPTIMIZATION 

The  first  version  of  the  gun  was  a  2.5-cell  structure  [4] 
and  subsequently  increased  to  3.5  cell.  With  a  peak  field 
of  64  MV/m  at  the  photocathode  and  a  5%  duty  factor,  the 
peak  electric  field  in  the  first  cell  should  be  held  to  as  low 
a  value  as  possible,  even  if  it  results  in  a  decrease  in  shunt 
impedance  of  the  first  cell.  Increasing  radii  of  curvatures 
of  the  cell  geometry  brought  the  peak  field  down  from  104 
MV/m  to  87  MV/m  in  the  nosecone  area  opposite  the  pho¬ 
tocathode:  the  ratio  of  peak  to  photocathode  field  was  re¬ 
duced  from  1.62  to  1 .36,  while  the  peak  RF  wall  current  re¬ 
mained  at  7 1  k  A/m.  The  peak  RF  power  demand  increased 
from  580  to  750  kW  with  this  modification. 

Figure  2  shows  the  average  wall  power  density  around 
the  surface  of  a  2-D  URMEL  calculation  of  the  optimized 
first  cell. 

Cells  2  through  4  comprise  the  three  accelerating  cells  in 
the  photoinjector.  The  peak  axial  field  in  the  7r/2  structure 
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is  40  MV/m,  and  the  corresponding  peak  wall  field  is  46.7 
MV/m.  The  walls  are  inclined  at  a  2  degree  angle  to  the 
perpendicular,  and  the  coupling  iris  radius  is  1  cm. 

The  asymptotic  RF  power  requirement  (several  filling 
times)  is  1.35  MW  for  each  cell,  but  as  in  the  first  cell,  as 
described  below,  the  peak  available  power  will  be  2.5  MW 
to  fill  each  cell  in  1.5  filling  times.  As  in  the  first  cell,  the 
peak  wall  power  density  at  the  worst  case,  the  outer  radius 
edge  of  the  iris  in  this  case,  is  82  W/cm^. 


Figure  2:  Average  wall  power  density  in  cell  1  (W/cm^) 


POWER  COUPLERS 

Each  of  the  four  cells  is  driven  by  two  symmetric  iris- 
coupled  waveguides  from  independent  power  sources.  As 
described  below,  due  to  the  5  microsecond  pulse  relative 
to  the  3.5  microsecond  cavity  filling  time,  the  cavities  will 
be  overdriven,  and  then  the  stored  energy  will  be  actively 
removed  to  reduce  the  average  power.  This  will  increase 
the  peak  fields  in  the  waveguides  and  iris  couplers. 

The  coupling  coefficient  is  optimized  at  approximately 
unity,  so  Qo  Qext  for  each  of  the  cavities.  The  dumbbell¬ 
shaped  coupling  iris  area  is  calculated  in  the  following  way: 
The  resonant  frequency  and  Qo  of  the  bare  cavity  are  first 
determined.  Using  a  MAFIA-4[5]  half-cell  mesh,  the  prob¬ 
lem  is  set  up  using  a  waveguide  port  model  and  pinging  the 
cavity  with  a  ’’soft”  packet  near  the  1.3  GHz  resonant  fre¬ 
quency.  The  field  decrement  is  then  measured  and  the  iris 
dimensions  are  adjusted  so  that  the  field  decrement  per  cy¬ 
cle  is  given  by  the  loaded  Ql  =  Qo/2  for  unity  coupling. 

As  the  MAFIA-4  mesh  is  rectangular  instead  of  confor¬ 
mal,  fine  adjustments  will  be  made  to  the  iris  geometry  us¬ 
ing  the  e^mag  module  of  ANSYS  [6],  which  will  also  be 
used  to  confirm  the  details  of  the  thermal  model  for  the 
cavity,  particularly  in  the  iris  region. 

Figure  3  shows  the  MAFIA-4  half-model  of  the  first  cell 
with  coupling  port.  The  first  A/4  section  of  the  waveguide 
is  half-height,  to  make  room  for  the  solenoids,  which  strad¬ 
dle  the  intercell  boundary  regions. 


C57 


Figure  3:  MAFIA-4  Mesh  of  Celll  and  Waveguide  Coupler 

REDUCING  AVERAGE  WALL  POWER 

With  unity  coupling,  the  filling  time  of  each  cell  is  on  the 
order  of  3.5  microseconds.  At  a  10  kHz  repetition  rate  and 
5  microsecond  pulse  length,  the  macroscopic  duty  factor 
is  5%,  and  at  5  microseconds,  only  1.5  filling  times  have 
occurred.  For  short  RF  pulse  lengths,  the  ’’square  pulse” 
analysis  is  inadequate  to  address  the  thermal  dissipation. 
Extending  the  pulse  length  will  further  increase  the  already 
high  duty  factor,  and  overvolting  the  cavity  will  increase 
the  average  power  dissipation,  which  would  already  be  75 
kW  per  accelerating  cell. 

The  field  will  rise  to  77%  of  full  at  1.5  filling  times, 
so  overpowering  each  cell  by  1/0.77^,  or  about  2.5  MW, 
including  a  realistic  value  for  the  cavity  Qo  and  waveg¬ 
uide  and  circulator  losses  will  achieve  operating  gradient 
at  5  microseconds  (the  beam  pulse  is  20  psec).  The  aver¬ 
age  power  may  be  reduced  by  about  40%  by  reversing  the 
drive  phase  (’’reverse  SLEDding”)  and  actively  removing 
the  stored  energy  to  the  circulator  dummy  load. 

Figure  4  shows  the  cavity  field  level  without  and  with 
active  energy  removal.  The  cavity  is  overdriven  for  5  mi¬ 
croseconds.  Then  the  drive  phase  is  reversed  and  drive 
power  continues  for  about  another  2  microseconds  until  the 
cavity  is  empty.  (The  beam  loading  is  insignificant.) 


b  5  10  15  20 


Figure  4:  Fields  in  Cavity  without  and  with  phase  flip  at 
5  microseconds.  Horizontal  scale:  time  in  microseconds. 
Vertical  scale:  fields  in  cavity  with  and  without  active  en¬ 
ergy  removal. 
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Peak  Temperature  Rise 

Even  though  the  peak  wall  power  density  approaches  82 
W/cm^  at  one  point,  the  average  wall  temperature  will 
be  less  than  30  C  above  the  wall  temperature  in  the  cool¬ 
ing  channel  (plus  the  film  temperature  difference).  The 
Laplace  thermal  diffusion  equation  -f  Q  =  pCyt  is 
integrated  in  one  dimension,  with  specific  heat  thermal 
conductivity  k  and  target  density  p  characteristic  of  copper 
for  a  1  cm  thickness  between  cavity  surface  and  cooling 
channel.  For  a  wall  current  density  of  70  kA/m,  5  microsec¬ 
ond  pulses  at  a  10  kHz  rate,  the  asymptotic  temperature  rise 
is  30.3  C.  Figure  5  shows  the  results  of  the  beginning  of  the 
integration,  before  asymptopia,  of  the  temperature  rise  for 
each  5  microsecond  pulse  of  0.6  C. 


Figure  5:  Temperature  rise  each  cycle  of  worst-case  wall 
power  density,  the  first  20  cycles.  Asymptote  is  30.3  C 


BEAM  DYNAMICS 

The  proposed  LUX  photoinjector  gun  design  will  de¬ 
liver  a  beam  of  quality  similar  to  that  of  other  operating  RF 
guns.  The  brightness  for  the  LUX  RF  gun  is  based  upon  a 
1  nanocoulomb  bunch  with  37r  mm-mrad  normalized  RMS 
emittance.  This  brightness  is  conservative,  and  is  similar 
or  less  than  that  achieved  at  the  same  frequency  from  TTF 
and  AFEL  guns,  for  example. 

The  detailed  beam  dynamics  in  the  RF  gun  and  injec¬ 
tor  have  been  studied  using  the  particle  tracking  code  AS¬ 
TRA  [7].  For  the  flat  beam  injector,  a  magnetized  cathode 
produces  a  finite  canonical  angular  momentum  carried  by 
the  beam.  The  4D  phase  space,  described  in  terms  of  hori¬ 
zontal  and  vertical  coordinates  and  momenta  is  coupled.  A 
decoupled  description  can  be  obtained  if  one  is  willing  to 
use  ’’drift”  and  ’’cyclotron”  coordinates  [8].  These  normal 
mode  coordinates  each  have  an  associated  emittance.  The 
product  of  the  drift  and  cyclotron  emittances  is  the  total  4D 
emittance  of  the  beam.  For  linear  forces,  the  4D  emittance 
is  preserved  along  the  beamline.  The  variation  of  the  dif¬ 
ferent  emittances  through  the  RF  gun  and  subsequent  drift 
are  shown  in  Figure  6.  The  photocathode  is  located  at  z  = 
0  meters.  Shown  are  the  cyclic  mode  (drift,  cyclotron),  to¬ 


tal  4D,  and  usual  radial  RMS  normalized  emittances,  along 
with  the  RMS  horizontal  spot  size. 

A  discussion  of  injector  optimization,  emittance  com¬ 
pensation,  and  dual-injector  operation  can  be  found  in  a 
companion  paper  at  this  conference  [9]. 


4D  e-.i'Ttcnce  rtecriy  ronsicr.T  throuon  gun  and  drift. 


0  ot  0.4  u  aj  I 

iM 

Figure  6:  Evolution  of  Radial  and  Transverse  Emittance 
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Abstract 

A  3  cell  17. 14  GHz  RF  gun  designed  and  built  by  Haim¬ 
son  Research  Corporation  (HRC)  [1]  is  being  tested  at  the 
Plasma-Science  and  Fusion  Center  at  MIT.  The  middle  cav¬ 
ity  consists  of  a  racetrack  design  having  dual-feed  coupling 
holes  for  achieving  highly  symmetrical  TMqi  7r-mode  op¬ 
eration.  The  high  symmetry  is  important  for  reducing  the 
beam  emittance.  The  power  into  the  RF  gun  is  supplied 
by  an  HRC  25  MW,  17  GHz  relativistic  klystron  amplifier. 

A  1  MW,  100  ns  input  pulse  is  required  to  achieve  a  peak 
axial  electric  field  of  150  MV/m  in  the  cavities  to  provide 
the  electron-bunch  with  a  1.6  MeV  energy  gain.  A  2  ps, 
20  laser  pulse  is  injected  into  the  back  of  the  first  cell 
for  emitting  the  electron  bunch.  The  diagnostic  setup  con¬ 
sists  of  a  YAG  screen  and  a  CCD  camera  for  beam  imag¬ 
ing,  and  a  slit  array,  a  magnetic  spectrometer,  and  a  Fara¬ 
day  Cup  for  emittance,  energy,  and  bunch  charge  measure¬ 
ments,  respectively.  The  RF  gun  is  currently  being  fed  by 
^  0.7  MW,  100  ns  pulses.  Our  next  goals  are  to  process  the 
gun  up  to  1  MW  and  100  ns  pulses,  to  inject  the  laser  pulse 
and  synchronize  it  with  the  RF  phase,  and  to  measure  the 
output  bunch  energy,  brightness,  and  duration.  The  status 
of  the  experimental  results  is  presented. 

INTRODUCTION 

RF  guns,  or  photocathode  injectors,  are  used  to  pro¬ 
duce  short  bunches  of  high-energy  high-brightness  elec¬ 
tron  beams.  Bunches  in  the  order  of  sub-picoseconds  hav¬ 
ing  megawatt  level  energy  are  of  interest  for  high-energy 
physics  research  and  for  sub-millimeter  coherent  sources. 
Frequency  scaling  in  RF  guns  plays  an  important  role  in 
decreasing  the  bunch  emittance  and  length  while  increas¬ 
ing  its  brightness  and  energy. 

Future  TeV  linear  colliders  require  high  quality  beams 
to  produce  an  interaction  point  of  sub-micrometer  spot  size 
having  luminosities  >  10^^  cm“^s“^  [2].  RF  accelerating 
cavities  at  frequencies  >11  GHz  may  be  very  valuable  in 
meeting  this  goal. 

Free-electron  lasers  (FELs)  are  used  to  produce  coherent 
sub-millimeter  to  sub-micron  high-power  microwaves  that 
can  be  used  for  various  applications  such  as  material  and 
biological  studies.  Low-emittance  high-charge  bunches  are 
required  for  this  purpose  [3]. 

Reports  on  RF  gun  design  and  experimental  study  are 
described  in  Refs.  [4,  5].  A  high  record  of  brightness. 
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80  A/(7r  mm  mrad)^,  was  reported  in  [6,  7].  Dual  RF  feed¬ 
ing  ports  can  be  used  to  increase  the  mode  symmetry  [8]. 
Dual  coupling  into  a  racetrack  cavity  profile  (rather  than 
circular)  was  suggested  by  Haimson  in  order  to  further  in¬ 
crease  the  mode  symmetry  [9]. 

This  paper  presents  the  experimental  status  of  the  RF  gun 
designed  and  built  at  HRC  and  tested  at  MIT.  The  objective 
of  this  experiment  is  to  measure  the  brightness  and  output 
energy  of  the  electron  bunches.  The  results  will  be  of  im¬ 
portance  for  high-power  short  wavelength  applications. 


Table  1:  RF  gun  operating  parameter^ 


Number  of  cells 

3 

Cavity  Q 

4600 

Resonant  frequency 

17.142 

GHz 

Temperature  sensitivity 

280 

kHz/°C 

RF  power 

1.5 

MW 

RF  pulse  duration 

100 

ns 

Laser  energy 

10-20 

//J 

Laser  FWHM 

2 

ps 

EXPERIMENTAL  SETUP 

The  experimental  setup  for  operating  the  RF  gun  con¬ 
sists  of  a  high  power  RF  system  and  a  laser  system.  The 
operating  parameters  are  described  in  Table  1 .  An  HRC 
25  MW,  68  dB  gain,  17  GHz  relativistic  klystron  ampli¬ 
fier  supplies  a  ~  1  MW  100  ns  pulse  at  17.142  GHz  to 
the  RF  gun  (the  excess  power  from  the  klystron  is  directed 
into  a  linear  accelerator).  A  bidirectional  coupler  samples 


power  amplifier  2  ps,  10  Hz 

267  nm,  20  uJ  Harmonic 
2  ps,  10  Hz  Generation  System 

Figure  1:  The  laser  system. 
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Figure  2:  RF  gun  and  diagnostic  setup. 


Figure  3:  A  picture  of  the  RF  gun  and  the  diagnostic  setup. 


both  the  forward  power  into  the  RF  gun,  and  the  reflected 
power.  The  klystron  is  driven  by  a  travelling-wave  tube 
(TWT)  amplifier  where  the  input  to  the  TWT  is  synchro¬ 
nized  and  phase-matched  to  the  laser  system. 

The  laser  system  is  described  in  Fig.  1.  It  consists  of  a 
Ti: Sapphire  laser  amplifier  that  produces  2  ps  2  mJ  pulses 
at  800  nm  and  10  Hz.  These  pulses  are  tripled,  by  a 
harmonic  generation  system  to  UV  light  at  267  nm  and 
are  directed  into  the  RF  gun  cathode.  The  laser  ampli¬ 
fier  is  pumped  by  532  nm  70  nJ  pulses  at  10  Hz  repeti¬ 
tion  rate  produced  by  an  Nd:  Yag  laser  and  a  KD*P  second- 
harmonic  generator  crystal.  The  amplifier  is  seeded  by  2  ps 
800  nm  pulses  repetitive  at  42  MHz  from  a  TiiSapphire 
mode-locked  laser  oscillator.  The  oscillator  is  pumped  by 
4.3  W  (cw)  at  458  nm  produced  by  an  Argon-Ion  laser.  The 
TiiSapphire  oscillator  cavity  is  tuned  around  42  MHz  such 
that  its  mode-locking  RF-frequency  is  multiplied  by  408 
to  provide  a  synchronized  17.142  GHz  signal  that  is  sub¬ 
sequently  phased-matched  and  amplified  to  stimulate  elec¬ 
tron  emission  from  the  RF  gun. 

The  RF  gun  consists  of  a  3-cell  water-cooled  structure 
having  radii  of  0.2697”,  0.2722”,  and  0.2713”  for  the  first, 
second,  and  third  cells,  respectively.  The  middle  cavity 
consists  of  a  racetrack  design  having  dual-feed  coupling 
holes  in  order  to  achieve  a  highly  symmetrical  TMqi  tt- 
mode  operation.  The  high  symmetry  is  important  for  re¬ 
ducing  the  beam  emittance.  A  water  cooling  system  pro¬ 
vides  a  frequency  tuning  ability  of  the  RF  gun  cavity  by 
280  kHz/°C.  A  detailed  description  of  the  RF  gun  design  is 
presented  in  Ref.  [1]. 

The  RF  gun  and  its  diagnostic  setup  are  described  in 


Fig.  2.  A  picture  of  our  lab  including  the  RF  gun  and  the 
diagnostinc  setup  is  presented  in  Fig.  3.  The  1  MW  input 
power  from  the  klystron  amplifier  is  injected  into  the  sec¬ 
ond  cavity  through  its  dual  ports.  The  laser  pulse  is  directed 
through  a  UV  mirror  to  the  center  of  the  copper  end  wall 
of  the  RF  gun,  the  surface  of  which  serves  as  a  cathode. 
The  electron-bunch  emitted  from  the  gun  is  focused  by  an 
emittance-compensating  coil  into  a  YAG  screen.  Steering 
coils  are  positioned  along  the  beam-line  in  order  to  com¬ 
pensate  for  parasitic  transverse  magnetic  fields.  An  image 
of  the  beam  shape  hitting  the  YAG  screen  is  recorded  by  a 
CCD  camera.  A  slit  array  can  be  lowered  into  the  beam¬ 
line  (or  removed  above  it)  in  order  to  measure  the  beam 
emittance  [6].  An  alignment  mirror  can  be  lowered  at  the 
end  of  the  beam-line  in  order  to  align  the  laser  into  the  cen¬ 
ter  of  the  RF  gun  cathode  (in  this  case  the  YAG  and  slit 
array  are  removed  up).  The  image  is  viewed  by  another 
CCD  camera. 


Figure  4:  RF  gun  forward  and  reflected  power  traces  (thick 
solid  and  dashed  lines,  respectively)  and  laser  pulse  trace 
(thin  solid  line). 


EXPERIMENTAL  STATUS 

The  RF  gun  is  currently  being  RF  processed  up  to  a 
1  MW  power  level.  Scope  traces  of  the  17.142  GHz  for¬ 
ward  and  reflected  power  into  and  from  the  RF  gun  are 
shown  in  Fig.  4  in  thick  solid  and  dashed  lines,  respectively. 
It  is  seen  that  the  forward  pulse  is  ~  700  kW  for  100  ns.  Af¬ 
ter  80  ns  of  cavity  filling  time,  the  reflected  power  is  close 
to  zero  and  the  laser  pulse  is  injected  into  the  cavity.  The 
laser  is  detected  by  a  photodiode,  and  its  trace  is  shown  in 
Fig.  4  as  a  thin-solid  line.  (Note:  due  to  length  differences 
in  the  setup,  the  laser-trace  lags  about  20  ns  after  the  RF 
traces). 

For  the  input  power  shown  in  Fig.  4,  a  white  spot  indi¬ 
cating  dark  current  was  detected  on  the  YAG  screen.  This 
image  appeared  regardless  of  the  laser  pulse,  and  disap¬ 
peared  at  lower  RF  input  powers.  Its  shape  was  sensitive  to 


2096 


Proceedings  of  the  2003  Particle  Accelerator  Conference 

both  the  magnetic  field  strength  of  the  emittance  compen¬ 
sating  coil  and  the  steering  coils.  Its  brightness,  although 
not  measured,  appeared  to  be  weak  on  the  YAG  screen. 

FUTURE  PLAN 

Our  future  plan  includes  processing  the  RF  gun  up  to  a 
power  level  of  1.6  MW  for  100  ns  to  achieve  an  electron 
beam  energy  of  2  MeV.  We  intend  to  measure  the  electron 
beam  charge,  emittance,  and  energy. 

We  might  need  also  to  improve  a  ~  3  ps  phase  jitter  be¬ 
tween  the  RF  and  the  laser  pulses.  The  jitter  in  our  system, 
as  studied  in  [7]  is  mostly  related  to  our  laser  system,  and  is 
a  source  of  an  energy  jitter  of  the  output  bunch.  New  laser 
technologies  can  reduce  this  jitter  to  sub-picosecond  levels. 
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Abstract 

The  RF  gun  operation  with  metal-dielectric  cathode  is 
reviewed  in  the  paper.  The  beam  is  extracted  from  the 
plasma  developed  during  the  microwave  flashover 
dielectric  in  vacuum.  The  cathode  was  designed  and 
electron  beam  dynamics  was  computer  simulated.  Modes 
of  the  gun  operation  were  researched  experimentally  on 
the  linear  resonance  electron  accelerator.  The  beam  at  the 
gun  output  has  the  pulse  current  of  3. 5-4.5  A  with  the 
current  pulse  duration  of  40-50  ns  and  with  particle 
energy  of  300  keV.  Some  treatments  of  the  beam 
development  and  the  gun  cavity  response  to  the  flashover 
in  high  intensity  RF  fields  are  given. 

1  INTRODUCTION 

RF  electron  guns  produce  electron  beams  with  extreme 
high  brightness  providing  operation  of  free  electron  lasers 
and  injector  systems  for  linear  colliders.  Thermionic  and 
photoemission  RF  guns  are  the  most  widely  used  now. 
Electron  beam  dynamics  in  such  guns  is  well  studied.  The 
ways  of  beam  brightness  increasing  are  also  defined. 

The  frmdamentals  of  RF  gun  operation  can  be  applied 
for  the  generation  of  intense  high-energy  bright  beams 
with  nanosecond  current  pulse  duration.  The  main  idea  is 
in  the  total  stored  energy  absorption  in  RF  gun  cavity. 
The  generation  of  ultra-high  current  electron  beams  in 
thermionic  RF  guns  is  limited  by  the  cathode  emission 
current  density  that  is  not  higher  of  lOA/cm^  for 
conventional  dispenser  cathodes.  The  operation  of 
photoemission  RF  guns  in  nanosecond  pulse  duration 
mode  is  followed  up  by  the  cathode  surface  heating  up 
that  limits  pulsed  current  value  [1].  To  provide  the 
required  current  the  plasma  cathodes  can  be  used.  Such 
cathodes  don’t  require  complicated  satellite  equipment. 
Metal-dielectric  cathodes  with  emission  from  the  plasma 
developed  during  the  microwave  flashover  dielectric  in 
vacuum  are  somewhat  more  promising  [2, 3]  to  be 
applied  as  electron  sources.  The  source  of  the  flashover  is 
the  metal-dielectric-vacuum  contact.  Application  of 
metal-dielectric  cathode  in  RF  gun  with  high  electric  field 
strength  will  permit  to  extract  high  peak  current  due  to 
bunched  beam  structure.  Moreover,  it’s  not  excepted  that 
the  known  electron  back  bombardment  can  contribute  to 
the  flashover  development  and  self-maintenance. 

The  purpose  of  the  work  is  to  research  experimentally 
S-band  RF  gun  operation  with  metal-dielectric  cathode. 


2  EXPERIMENT  APPROACH 

Two-cavity  S-band  RF  gun  [4]  was  used  for  the 
research.  The  cathode  was  designed  with  taking  into 
account  RF  gun  properties  and  the  flashover  behaviour  in 
vacuum.  There  is  simplified  RF  gun  design  with  metal- 
dielectric  cathode  and  measurement  layout  on  the  Fig.  1. 


Fig.  1 .  The  simplified  RF  gun  design  and  measurement 
layout: 

1 -cathode;  2-detector;  3-beam  current  monitor;  4- 
dielectric  cathode  cylinder;  5-metalic  cathode  cylinder 

The  cathode  1  consists  of  inner  copper  cylinder  5  and 
outer  polytetrafluorethylene  cylinder  4  enclosed  by  the 
shielding  tube.  The  cathode  is  placed  in  the  quarter-wave 
line  of  the  gun  where  the  electric  field  has  decreasing 
distribution  along  the  discharge  interval  /.  The  copper 
cylinder  has  the  curvature  radius  at  the  end  face  of 
-20^m  to  increase  the  electric  field  strength  in  the 
metal-dielectric  contact.  Besides,  the  small  radius 
decreases  discharge  initiation  field  due  to  current  density 
increasing  through  the  emitting  surface  [5]. 

The  flashover  process  in  a  spatial  scale  in  S-band  RF 
field  is  the  same  as  in  a  pulse  electric  field  [3]  due  to 
following  the  condition  / «  Aq,  where  Aq  is  operating  gun 
wave  length.  Defining  /  is  the  compromise  between  low 
initiation  electric  field  strength  and  beam  parameters  at 
the  gun  output  that  is  beam  emittance.  Thus,  the  computer 
simulation  using  SUPERFISH  code  [6]  has  defined  that 
small  values  of  /  simplifies  tuning  of  the  gun  cavity 
eliminating  the  dependence  of  the  unloaded  Q-factor  Qq, 
the  operating  frequency  /o  and  longitudinal  electric  field 
distribution  in  the  gun  cavity  on  the  dielectric  properties. 
In  particular,  the  relative  variation  of  g-factor  and  fa  is 
10'^  and  10'^  respectively  for  /=  0.5. ..1.5  mm  and 
dielectric  cylinder  with  diameters  of  3  and  4  mm  and  with 
properties  of  and  f=1...12.  Therefore, 
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the  discharge  interval  length  was  accepted  of  1  mm  that 
corresponds  to  the  electric  field  strength  =  6.0  MV/m  at 
the  cathode  plane  with  maximum  axial  electric  field 
strength  in  the  cavity  of  30  Mv/m. 

The  hollow  cathode  design  was  used  to  take  into 
account  intense  high  current  beam  acceleration  in  RF  gun. 
The  extracted  current  density  fi'om  plasma  into  vacuum 
follows  up  the  thermo-field  emission  on  the  hypothesis 
that  electron  distribution  in  plasma  spot  follows  Maxwell- 
Boltzmann  statistics  and  is  defined  as  following  [7]: 


where  e  is  electron  charge,  is  electron  mass;  is 
plasma  temperature;  is  plasma  density;  E  is  electric 
field  strength;  k  is  Boltzmann  constant.  The  computed 
average  current  extracted  from  plasma  spot  in  vacuum  for 
the  RF  gun  is  10.5  A.  To  accelerate  this  current  and  to 
keep  the  beam  converged  particles  should  meet  high 
electric  field  strength.  Beam  dynamics  simulation  in 
approach  of  flat  emitting  surface  using  PARMELA  code 
[8]  shows  that  the  maximum  electric  field  ratio  rf^E\IEi 
>1,  where  Ei  and  E^  is  maximum  of  electric  field  strength 
in  the  gun  first  and  second  cavity  respectively.  Fig.  2 
shows  normalized  beam  emittance  for  70  %  of  particles 
and  transverse  beam  size  vs 


0.8  1  1.2  1.4  1.6  1.8  2 
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Fig.  2:  Beam  emittance  and  beam  size  vs  maximum 
electric  field  ratio 


For  the  input  power  value  of  1.5  MW  the  energy  spread 
(FWHM)  and  phase  spread  doesn’t  depend  actually  on  the 
value  T]  and  is  32  %  and  43  %  respectively.  The  electron 
capture  is  increased  in  the  range  of  0.3 4.. 0.4  for  the  above 
(Fig.  2)  values  of  7], 


3  EXPERIMENTAL  RESULT 
TREATMENTS 

The  RF  gun  operation  was  researched  on  the  single¬ 
section  linac  Lie  [9]  having  accelerating  structure  with 
phase  velocity  that  is  equal  to  the  light  velocity  c.  There 
was  measured  the  current  from  metallic  cylinder  of  the 
cathode  4  (Fig.  1),  output  gun  current  /g  and  beam 
parameters  at  the  linac  output  for  different  axial  electric 
field  strength  E  in  the  first  cavity  of  the  gun.  For 
E<25  MV/m  the  current  4  is  positive  and  is  up  to  1  A. 
The  pulse  shape  follows  up  the  shape  of  RF  field  E  in  this 
case.  The  measured  HE  response  in  terms  of  the  Fowler- 


Nordheim  theory  follows  up  the  field  emission 
mechanism  in  RF  field  [10]: 

j  =  aE^-^  exp(-b/E)  (2) 

where  E  is  the  surface  electric  field,  a  and  b  are  constants 
(Fig.  3).  There  is  no  beam  current  /g  in  this  mode. 

l.E+06  1  .  .  ,  . . . 


0.0012  0.0014  0.0016  0,0018  0.002  0.0022  0.0024  0.0026  0.0028 


E-‘ ,  (kV/cm)-^ 

Fig.  3:  Fowler-Nordheim  plot  for  the  pre-breakdown 
current 

RF  power  increasing  over  the  electric  field  strength  of 
25  MV/m  causes  the  current  increasing  over  than  one 
order  of  magnitude  (4  «  18  A).  The  polarity  of  this  signal 
is  still  positive.  At  the  gun  output  the  current  pulse 
amplitude  /g  and  duration  is  6-8  A  and  30  ns  respectively. 
During  the  pulse  /g  duration  RF  field  amplitude  is 
decreased  considerably  (Fig.  4). 


0  0.5  1  1.5  2  2.5  3 

t.  fis 


Fig.  4:  RF  field  envelope  in  the  gun  cavity  and  the  beam 
current  at  the  gun  output 

The  sharp  current  increasing  due  to  beam  loading 
indicates  the  flashover  exciting.  Thus,  in  the  investigated 
RF  gun  the  electric  field  strength  of  25  MV/m  is  the 
threshold  of  the  flashover  development.  Below  the 
threshold  the  flashover  is  developed  only  in  some  points 
on  the  dielectric  surface.  Beam  current  at  the  gun  output 
includes  the  field  emission  current  from  metallic  surface 
and  the  current  extracted  from  plasma  spots.  This  is  the 
feature  of  the  first  RF  gun  operating  mode. 

With  a  time  (  «  8*10^  pulses)  the  cathode  operation  is 
changed  in  another  mode.  The  signal  7c  is  positive  only  up 
to  the  moment  of  the  flashover  exciting  and  the  amplitude 
of  this  pre-breakdown  current  is  not  over  of  1  A.  The 
threshold  electric  field  strength  is  decreased  down  to 
20  MV/m.  After  the  moment  of  the  flashover 
development  the  polarity  of  the  signal  becomes 

negative  and  is  kept  in  this  state  during  the  next  time  of 
RF  power  pulse.  The  beam  current  at  the  gun  output  /g 
has  the  amplitude  of  4.5  A  and  the  current  pulse  duration 
of  40  ns  in  this  mode  (Fig  5). 
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Fig.  5:  The  featured  current  pulse  shape  at  the  gun  output 

It’s  absolute  evident  that  the  dielectric  is  charged 
positively  in  points  of  plasma  spots.  The  radial 
component  of  the  electric  field  gets  more  strength.  This 
causes  the  potential  redistribution  over  the  discharge 
surface  and  additional  electric  field  amplifying  in  the 
metal-dielectric  contact.  Such  positive  feedback  spreads 
plasma  spots  along  the  discharge  interval.  Finally,  with 
the  time  required  the  charge  distribution  to  be  stable  the 
dielectric  surface  is  filled  by  plasma  throughout  the 
discharge  interval.  This  provides  the  discharge  self¬ 
maintenance  and  is  the  feature  of  the  gun  second 
operating  mode.  Some  of  secondary  emission  electrons 
reaches  the  metallic  surface  of  the  cathode  and  shunts 
field  emission  current.  Beam  current  at  the  gun  output  is 
defined  in  this  case  only  by  the  current  from  plasma  spot. 

The  time  to  pass  into  the  second  operating  mode  can 
be  reduced  by  the  increasing  of  the  pulse  repetition 
frequency  and  by  the  electric  field  strength  increasing 
over  the  threshold  level. 

The  current  amplitude  instability  is  not  over  of  15  %. 
The  time  instability  is  defined  by  the  time-position  of 
output  current  relatively  the  RF  power  pulse  duration  and 
is  in  range  of  ±  5  ns  during  the  rise  time  of  the  RF  power 
pulse.  The  almost  total  stored  RF  power  is  absorbed 
during  the  flashover.  The  electric  field  amplitude  falls 
down  to  near  zero  values  and  is  kept  in  this  state  during 
the  next  time  of  RF  power  pulse  ^ig.  4).  The  last  fact 
with  combination  of  the  observed  reflected  RF  power 
shape  indicates  the  gun  cavity  detuning  during  the  time  of 
2  ps  that  is  much  higher  of  the  flashover  duration  time 
-50  ns.  The  reasons  of  such  detuning  are  not  established 
and  require  further  investigations.  It’s  obviously  that  the 
gun  operates  in  the  stored  energy  mode  because  of  the 
current  pulse  duration  is  T«Q(7tf(i,  The  current  pulse 
duration  is  defined  by  the  flashover  development  rate  and 
by  the  energy  stored  in  gun  cavities. 

In  the  second  gun  operating  mode  beam  current  at  the 
accelerator  output  has  the  amplitude  over  2  A  with  the 
current  pulse  duration  of  30  ns  and  electron  energy  of 
13  MeV.  Estimations  of  the  electron  capture  into  the  linac 
accelerating  waveguide  shows  that  the  electron  energy  at 
RF  gun  output  is  over  300  keV  for  the  50  %  of  particles. 

The  order  of  the  above  operating  modes  is  saved  after 
over  3600  s  after  the  previous  RF  power  switching  off. 
The  dielectric  is  discharged  (due  to  dielectric  conductivity 
and  ions  of  the  residual  gas  in  the  cavity)  and  the  system 
state  is  changed  into  initial  one. 


4  CONCLUSION 

Experiments  have  shown  that  metal  dielectric  cathode 
can  be  applied  in  S-band  RF  gun.  The  insertion  of 
dielectric  detunes  resonance  system  of  the  gun  in  the 
range  that  is  acceptable  and  doesn’t  change  axial  electric 
field  distribution  and  cavity  parameters  significantly.  For 
the  electric  field  strength  in  the  gun  cavity  of  25  - 
30  MV/m  there  was  obtained  at  RF  gun  output  the  stable 
beam  current  with  amplitude  of  »  3  -  4  A,  current  pulse 
duration  of  30  -  40  ns  and  particle  energy  of  over 
300  keV. 

Some  questions  concerning  the  emission  mechanism  in 
high  intensity  RF  fields  are  still  uncertain.  In  particular, 
the  subject  of  interest  is  the  role  of  back  electrons,  the 
effect  of  dielectric  properties  and  dimensions  on  the 
flashover  exciting  and  maintenance  and  resonance  system 
optimization  to  extract  higher  beam  currents.  These 
questions  are  the  subject  of  our  further  investigations. 
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Abstract 

Laser  accelerators  offer  the  promise  of  producing 
attosecond  electron  bunches  from  a  compact  accelerator. 
Electron  source  requirements  for  laser  accelerators  are 
challenging  in  several  respects,  but  are  achievable.  We 
discuss  these  requirements,  and  propose  an  injector 
design.  Simulation  and  design  work  for  essential 
components  for  a  laser  accelerator  electron  source  suitable 
for  a  high  energy  physics  machine  will  be  presented. 
Near-term  plans  to  test  key  technical  components  of  the 
laser  injector  will  also  be  discussed. 

INTRODUCTION 

Laser  performance  has  improved  markedly  in  recent 
years,  bringing  the  possibility  of  using  lasers  to  accelerate 
charged  particles  closer  to  reality.  Advances  in  power 
output  though  optical  parametric  chirped-pulse 
amplification,  the  mass  production  of  inexpensive,  highly 
efficient  diode  bars  for  laser  pumping,  and  the  production 
of  very  low  quantum  defect  materials  has  already  raised 
the  wall-plug-to-light  power  efficiencies  of  high-power 
solid  state  lasers  beyond  10%  with  theoretical  limiting 
efficiencies  of  30-40%  possible.  Advanced  mode-locking 
and  dispersion  control  techniques  have  led  to  lasers  that 
are  mode-locked  and  phase-locked  at  the  optical  carrier 
frequency,  an  essential  step  towards  synchronizing  many 
lasers  to  power  a  high  energy  accelerator. 

Many  laser  acceleration  mechanisms  proposed  for 
linear  colliders  rely  on  dielectric  or  metallic  structures 
with  beam  tube  apertures  on  the  order  of  the  accelerating 
wavelength,  of  the  order  of  micrometers  for  laser-powered 
accelerators.  Producing  the  required  luminosity  for  high- 
energy  physics  applications  will  therefore  require  that 
high  power  beams  be  produced  in  spite  of  these  tiny 
apertures.  We  offer  an  example  here  of  how  the  demands 
for  a  linear  collider  can  be  met,  and  outline  future 
experiments  to  test  some  of  the  key  technical  components. 

A  number  of  candidate  structures  with  sufficiently  high 
shunt  impedance  to  give  reasonable  power  efficiency  for  a 
laser  linear  collider  have  been  proposed,  and  share  in 
common  accelerator  apertures  of  order  of  the  accelerating 
field  wavelength.  The  example  here  is  based  on  a 
structure  proposed  by  Lin[l],  and  analyzed  by 
Siemann[2]. 

The  optimal  beam  loading  bunch  charge  for  the  Lin 
photonic  band  gap  structure  (PBG)  powered  at  a  gradient 
of  1  GeV/m  corresponds  to  -l.SxlO^  electrons  per  laser 
pulse.  Producing  10  MW  of  beam  power  at  0.5  TeV 
requires  -1.2x10^4  electrons  per  second,  or  a  bunch 

♦Work  supported  by  Department  of  Energy  contract  DE-AC03- 
76SF00515  (SLAC). 

tCorresponding  author:  ecolby@slac.stanford.edu. 


repetition  rate  of  -830  MHz  at  this  population. 

Obtaining  this  high  repetition  rate  will  require  that  the 
laser  accelerator  structures  be  embedded  in  resonant 
rings[3]  with  the  driving  laser  amplifiers,  together  with 
suitable  phase  and  dispersion  control.  Resonant 
recirculation  of  the  laser  power  will  not  only  reduce  the 
average  power  required  from  the  drive  lasers  by  recycling 
the  remaining  laser  power,  but  practical  resonant  ring 
dimensions  (-1  m)  will  quite  naturally  lead  to  pulse 
spacings  in  the  hundreds  of  megahertz. 

Figure  1  illustrates  the  resonant  enhancement  of  power 
coupling  efficiency  (power  transferred  to  the  beam  in  ratio 
to  the  total  power  input  to  the  structure)  against  the 
recirculation  Q  of  the  resonant  ring.  The  first  curve  at  left 
corresponds  to  the  ti=5%  power  coupling  efficiency  of  the 
Lin  PBG  structure,  successive  curves  correspond  to 
successively  lower  single-pass  power  efficiencies.  It  is 
clear  that  for  very  modest  recirculation  Q  values  (<10)  the 
PBG  structure  power  coupling  efficiency  approaches  the 
power  coupling  efficiency  of  the  NLC  structures. 


Figure  1:  Enhancement  of  power  efficiency  through 
power  recirculation. 

Recirculation  of  the  laser  pulse  offers  a  means  to  both 
increase  power  efficiency  and  to  naturally  obtain  the  high 
repetition  rates  needed  to  produce  useful  luminosities. 


The  micrometer-scale  accelerator  apertures  naturally 
require  very  small  normalized  emittances  for 
unintercepted  beam  transport.  If  the  beam  must  maintain 
an  n=5a  clearance  fi-om  the  accelerator  (assumed  to 
operate  at  2  pm  wavelength),  which  has  an  aperture 
a=1.2A.=2.4  pm,  and  focusing  is  carried  out  with 
permanent  magnet  quadrupoles  of  length  L^l  cm  with 
0.1  mm  apertures,  ^^2.5  kT/m  gradients  (2.5  kG  pole 
tips  fields),  and  a  ^)=^4  phase  advance  lattice  is  used, 
then  the  maximum  normalized  emittance  is: 


_  cos(^) 

^  2mc  l+sin(^) 


=  7xl0"^/r  irnn-mr 
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Although  this  is  a  very  small  normalized  emittance,  it  is 
at  very  low  charge  (5x105  e/bunch  or  80  fC/bunch).  The 
transverse  phase  space  density  for  this  case  is  just 
D=Q/eN~0.12  nC/7t  mm-mr,  which  is  nearly  an  order  of 
magnitude  lower  than  the  density  sought  for  linac-based 
FELs,  D~1  nC/7c  mm-mr,  and  is  well  within  the  current 
performance  capabilities  of  rf  guns. 

INJECTOR  CONCEPTUAL  DESIGN 

Obtaining  very  small  transverse  emittances  from  an  rf 
gun  requires  aggressive  control  of  the  space  charge  and  rf 
emittance  growth.  Space  charge  driven  growth  is  naturally 
low  given  the  small  bunch  charge.  RF  emittance  growth  is 
given  by  E^=a  with  a  the  dimensionless 

accelerating  gradient,  k^f  the  rf  wavenumber,  cTx  the  spot 
size,  and  a^the  bunch  length[4].  Suppressing  transverse  rf 
emittance  growth  therefore  favors  using  the  smallest 
possible  bunch  dimensions  in  a  low  gradient,  low 
frequency  rf  gun.  Further  reduction  in  spot  size,  and  hence 
transverse  emittances,  is  possible  by  focusing  the  electron 
beam  early  on.  A  normal  conducting  rf  gun,  permitting  a 
solenoid  field  to  be  introduced  for  focusing  purposes,  is 
therefore  desirable.  Additionally,  thermal  emittance 
contributions  grow  linearly  with  initial  spot  size,  further 
motivating  very  small  initial  spot  sizes. 

Obtaining  the  required  high  repetition  rate  means  the  rf 
gun  and  booster  accelerator  must  run  CW  with  a  bunch 
containing  ~5xl0^e'  in  every  rf  cycle.  A  normal 
conducting  gun  is  required  to  permit  solenoid  focusing  to 
keep  the  bunch  (and  hence  the  transverse  emittances) 
small.  Heat  removal  from  a  normal  conducting  rf  gun 
operating  CW  is  a  daunting  challenge,  but  one  which  has 
been  largely  met. 

The  Boeing  APLE  injector,  built  and  operated  in  the 
early  1990s,  demonstrated  several  essential  aspects  of  the 
required  technology [5].  The  rf  gun  was  a  room- 
temperature,  433  MHz,  1.5  cell,  solenoid-focused  rf  gun 
which  demonstrated  operation  at  25%  duty  cycle,  and 
used  a  high  quantum-efficiency  bi-alkali  photocathode 
that  could  be  rejuvenated  in  an  attached  preparation 
chamber.  We  have  taken  the  frequency  and  operating 
gradient  of  this  gun  as  our  starting  point  for  the  following 
demonstration  calculation. 

Path  length  and  collective  effects  would  rapidly  wash 
out  optical  bunching  at  low  energies,  so  a  booster  linac 
must  be  used  to  accelerate  the  beam  prior  to  optical 
bunching.  For  the  example  here,  four  TESLA-type  1.3 
GHz,  9-cell  superconducting  cavities  operating  CW  at  18 
MeV/m  gradient  raise  the  beam  energy  to  61  MeV.  It  may 
prove  advantageous  to  perform  the  optical  bunching  at 
still  higher  energies,  an  optimization  that  will  be  studied 
in  the  future.  Since  only  one  linac  rf  bucket  in  three  is 
loaded,  adding  two  more  433  MHz  guns  and  interleaving 
the  pulses  would  triple  the  current,  and  provide  both  for 
better  gun  failure  tolerance  and  for  continuous  beam 
operation  with  two  injectors  while  the  third  (for  example) 
has  its  cathode  reprocessed. 


An  IFEL  buncher  operating  at  the  accelerator 
wavelength  is  used  to  produce  the  required  optical 
bunching.  Like  the  downstream  laser  accelerator 
structures,  the  IFEL  will  most  likely  be  embedded  in  a 
resonant  ring  to  reduce  the  average  power  required  from 
the  drive  laser. 

Plots  of  the  transverse  envelope  and  emittance 
evolution  were  calculated  with  Parmela  through  to  the 
exit  of  the  microwave  injector  and  are  shown  in  Figure  2. 
Evolution  of  the  bunch  length  and  energy  spread  are 
shown  in  Figure  3.  Final  electron  bunch  properties  at  the 
exit  of  the  microwave  linac  are  summarized  in  Table  1, 


Figure  2.  Transverse  RMS  beam  sizes  (solid  curves,  in 
units  of  10  pm)  and  normalized  (one-sigma)  emittances 
(dashed  curves,  in  units  of  nm)  through  the  injector. 


Optimization  of  the  transverse  emittance  has  been 
accomplished  at  the  expense  of  significant  increase  in  the 
longitudinal  emittance,  as  can  be  seen  in  Table  1.  The 
longitudinal  emittance  value  (70  deg-keV),  although  for 
an  80  fC  bunch,  is  more  typical  of  an  optimized  1  nC 
bunch.  As  the  IFEL  bunching  process  will  induce 
significant  energy  spread  beyond  this  value,  this  is  not  a 
serious  issue. 
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Table  1:  Beam  Properties  at  Microwave  Accelerator  Exit 


Property 

Value 

Units 

Bunch  Charge 

5.8x10^ 

e' 

Bunch  Rep  Rate 

433 

MHz 

Energy 

61.5 

MeV 

Transverse  emittance 

7.7xl0'“ 

m 

Transverse  emittance 

(65%  collimated  away) 

3.6x10*° 

m 

Transverse  RS.  Density 

0.12 

nC/mm-mr 

Bunch  Length  (rms) 

6,7 

ps 

Fractional  Energy  Spread 

0.0015 

Longitudinal  Emittance 

70 

Deg-keV 

Optical  bunching  of  the  resultant  beam  has  been  studied 
via  numerical  simulations  in  some  detail,  and  will  be 
tested  experimentally  at  an  optical  wavelength  of  800  nm 
in  future  experiments  at  SLAC. 

LASER  ACCELERATION  AT  THE  NLCTA 

Demonstration  of  optical  bunch  formation,  capture,  and 
subsequent  acceleration  at  10.6  pm  wavelengths  has 
already  been  demonstrated  experimentally  by  the 
STELLA  collaboration[6].  We  are  in  the  process  of 
designing  and  constructing  a  facility  at  SLAC  to  produce 
pulse  trains  bunched  at  0.8  pm  for  acceleration  and 
Wakefield  experiments.  This  effort  is  part  of  experiment 
E-163,  “Laser  Acceleration  at  the  NLCTA”,  approved  in 
the  summer  of  2002.  Facilities  construction  is  underway 
now. 

The  NLCTA  accelerator  injector  will  be  used  to  supply 
60  MeV  bunched  beam  similar  to  that  simulated  above, 
but  at  significantly  higher  charge  and  emittance.  An  rf 
gun  will  be  installed  at  the  position  of  the  current 
thermionic  gun,  and  60  MeV  beam  extracted  into  a 
separate  shielding  enclosure.  Simulations [7]  show  that 
very  cold  6=2x10“^,  short  at=l-2ps,  low  charge  q=50  pC 
beam  can  be  produced  for  laser  acceleration  experiments. 
Detailed  simulations  of  an  IFEL  optical  buncher  with 
magnetic  chicane  compressor  using  Genesis  and  Elegant 
are  shown  in  Figure  4. 


"’iW-i  iw:-«  yi'A  •■an 


Figure  4.  Unbunched  (left)  and  optically  bunched 
(right)  longitudinal  phase  spaces.  Entire  time  scale  on  left 
spans  1.5  psec,  on  the  right:  3.3  fsec  (one  optical  cycle). 


The  phase  space  plot  on  the  right  shows  all  -450  optical 
pulses  plotted  one  atop  the  other  to  show  the  degree  of 
optical  bunching  over  the  entire  -1.2  psec  long  pulse. 

The  IFEL  is  a  3-period,  1.8  cm  period,  variable-gap 
permanent-magnet  undulator  (aw=0.45)  with  half-period 
matching  and  mirror  plates  at  the  ends.  NeFeB  permanent 
magnets  and  vanadium  permendur  pole  tips  are  employed. 
The  chicane  is  a  standard  magnetic  chicane,  with  0=0.8  ® 
rectangular  bends  of  a  hybrid  permanent-magnet  and  coil 
excitation  design.  At  optimal  bunching,  the  correlated 
energy  modulation  induced  for  bunching  is  just  0.1  %.  In 
principle,  an  IFEL  alone  could  be  used  to  bunch  the 
electrons,  however  for  the  E163  experiment,  a  very  small 
final  energy  spread  is  desired  so  that  small  energy  gains 
(or  losses)  from  short  prototype  laser  accelerator 
structures  can  be  clearly  observed. 

Once  the  IFEL  and  magnetic  compressor  are 
commissioned  at  the  NLCTA,  trains  of  optical  bunches 
will  be  available  for  testing  acceleration  and  wakefield 
properties  of  candidate  laser  accelerator  structures. 

CONCLUSION 

We  have  presented  a  conceptual  design  for  an  electron 
injector,  built  from  conventional  technologies,  which  is  a 
solution  to  the  challenge  of  producing  beam  properties 
suitable  for  a  laser-driven  linear  collider.  Additional  work 
to  optimize  the  design,  and  explore  options,  such  as  the 
introduction  of  additional  harmonic  bunching  stages  to 
improve  capture  efficiency,  will  be  explored  in  the  future. 
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Abstract 

The  Linac  Coherent  Light  Source  (LCLS)  at  SLAC 
requires  the  rf  photo-injector  to  produce  a  beam  with  a 
normalized,  projected  emittance  of  1  micron  in  a  10  ps 
long  bunch  with  a  charge  of  InC.  In  addition,  a  small 
longitudinal  emittance  is  needed  to  attain  the  desired  3 
kiloamperes  peak  current  after  compression  in  two 
chicane  bunchers.  To  achieve  this  excellent  beam  quality, 
we  are  performing  systematic  studies  of  both  the 
transverse  and  longitudinal  beam  properties  from  the  rf 
photocathode  gun  at  the  SLAC  Gun  Test  Facility  (GTF). 
Time  resolved  emittances  (slice)  are  determined  by  using 
a  bunch  with  a  linear  energy  chirp  which  is  dispersed  by  a 
magnetic  spectrometer.  By  varying  the  strength  of  a 
quadruple  lens  upstream  of  the  spectrometer  allows 
measurement  of  the  individual  slice  emittances. 
Spectrometer  images  at  the  various  quadrupole  settings 
are  binned  in  small  energy/time  windows  and  analyzed 
for  the  slice  parameters.  Our  measurements  indicate  a 
temporal  resolution  of  approximately  100  femtoseconds. 
In  addition,  the  longitudinal  phase  space  distribution  is 
determined  by  measuring  the  energy  spectrum  over  a 
range  of  linac  phases.  The  correlated  and  uncorrelated 
components  of  the  phase  space  distribution  are 
determined  by  fits  to  the  energy  spectra  analogous  to  a 
quad  scan  in  the  transverse  dimension.  The  combined 
analysis  of  the  transverse  and  longitudinal  data  gives  not 
only  the  slice  and  longitudinal  emittances,  but  also  any 
correlations  due  to  Wakefields  or  other  effects. 

INTRODUCTION 

The  first  measurements  of  the  slice  emittance  at  GTF 
showed  a  large  difference  in  value  and  behavior  between 
the  projected  and  slice  emittances  for  low  and  high  charge 
bunches  [1,2].  At  low  charge  they  were  in  good 
agreement  with  each  other  and  with  thermal  emittance 
measurements  [3].  While  it  appeared  obvious  that  most 
of  the  additional  projected  emittance  was  due  to  relative 
offsets  between  the  slices,  it  had  not  be  proven 
quantitatively.  This  paper  describes  further  analysis  of 
the  data  presented  in  ref  [1]  to  quantify  the  slice  offsets 
and  their  effect  on  the  projected  emittance. 

EXPERIMENTAL  TECHNIQUE 

The  SLAC  Gun  Test  Facility  consists  of  a  1.6  cell  s- 
band  gun  with  a  copper  cathode  followed  by  a  3-meter 
SLAC  section  to  produce  beams  at  30  MeV  as  shown  in 
Figure  1.  Details  of  this  facility  can  be  found  in  ref  [4] 


and  references  therein.  The  slice  emittance  is  measured 
using  the  chirped  bunch  technique,  in  which  the  linac  is 
phased  off  crest  to  produce  a  bunch  with  a  nearly  linear 
energy-time  correlation.  The  bunch  is  then  dispersed  by 
the  energy  spectrometer  onto  the  spectrometer  screen. 
The  energy  spectrometer  is  a  vertical  bend.  The 
quadrupoles  Quadl  and  Quad2  are  used  to  prepare  the 
beam  for  a  quadrupole  scan  determination  of  the  slice 
emittance.  In  detail,  the  Quadl  is  defocusing  in  the 
horizontal  plane  and  focusing  in  the  vertical.  Therefore 
the  beam  in  the  vertical  plane  is  small  at  Quad2  and  the 
beam  size  on  the  spectrometer  screen  is  only  slightly 
affected  by  changes  in  Quad2.  In  the  horizontal  plane  the 
beam  is  defocused  by  Quadl  making  it  large  at  Quad2. 
Thus  changes  in  Quad2  strongly  affect  the  beam  size  at 
the  spectrometer  screen.  The  result  is  that  Quad2  can  be 
varied  to  make  large  changes  in  the  horizontal  beam  size 
on  the  spectrometer  screen,  while  leaving  the  beam  nearly 
unchanged  in  the  spectrometer  bend  plane.  This 
arrangement  allows  measurement  of  the  slice  emittance 
without  disturbing  the  energy  spectrum  over  the  entire 
range  of  the  quadrupole  scan. 


Figure  1:  The  SLAC/SSRL  Gun  Test  Facility  beam  line 
components  used  for  slice  emittance  experiments. 


The  emittance  scan  is  done  by  varying  Quad2  and 
collecting  beam  images  on  the  spectrometer  screen.  The 
quadrupole  range  chosen  includes  the  beam  waist  or 
minimum  size  on  this  screen.  A  typical  image  near  the 
beam  waist  is  shown  in  Figure  2.  Each  image  is  divided 
into  10  equal  slices  in  energy/time,  the  transverse  rms 
beam  size  is  computed  for  the  slices,  averaged  over  5 
images  at  each  quadrupole  setting  and  then  analyzed  with 
the  standard  quadrupole  scan  technique  to  obtain  the 
emittances  transverse  to  the  spectrometer  bend  plane. 
Additional  energy  spectra  data  are  taken  over  a  wide 
range  of  linac  phases  to  obtain  the  longitudinal  phase 
space.  This  is  used  to  convert  the  energy  scale  to  time[4]. 
The  results  of  this  analysis  for  three  gun  solenoid  settings 
are  shown  in  Figure  2. 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 


2104 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


These  data  show  the  projected  emittance  is 
approximately  twice  the  typical  slice  emittance,  and 
results  from  a  combination  of  twisting  and  offsets  of  the 
slices  in  transverse  phase  space.  The  emittance  and  Twiss 
parameters  along  the  bunch  are  plotted  in  Figure  3. 
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Figure  2:  Slice  emittance  data  from  the  GTF  for  three 
gun  solenoid  fields. 


Figure  3:  The  slice  emittance  and  Twiss  parameters  along 
the  300  pC  bunch.  The  units  for  P  and  y  are  meters  and 
inverse  meters,  respectively. 

DETERMINATION  OF  SLICE  OFFSETS 
IN  TRANSVERSE  PHASE  SPACE 

In  addition  to  the  slice  variation  in  Twiss  parameters  as 
given  in  Figure  3,  there  are  also  slice  centroid  offsets 


along  the  bunch  due  to  wakefields  and  other  effects. 
Experimentally,  the  slice  ellipse  offsets  in  transverse 
phase  space  are  determined  at  the  entrance  to  Quadl  by 
fitting  the  slice  centroid  as  a  function  of  the  Quad2 
strength.  The  slice  centroids  are  computed  relative  to  the 
full  projected  centroid.  The  basic  concept  is  to  determine 
the  transverse  position  and  angle  of  each  slice  by 
measuring  the  steering  due  to  Quad2,  similar  to  the 
standard  method  of  beam-based  alignment.  The  analysis 
includes  the  focusing  properties  of  the  spectrometer 
magnets.  A  typical  fit  to  the  centroid  data  is  shown  in 
Figure  4. 


Quad2  Strength  (m-1) 


Figure  4:  Rms  width  and  centroid  of  a  typical  slice  at 
the  spectrometer  screen  as  a  function  of  Quad2  strength. 
The  curves  are  fits  to  the  data.  The  width  fit  gives  the 
slice  emittance  and  the  centroid  fit  gives  the  slice  offset  in 
position  and  angle  at  the  entrance  to  Quadl 

The  results  of  this  analysis  are  summarized  in  Figure  5 
where  the  emittance  and  slice  position  and  angle  offsets 
are  given  along  the  bunch.  The  Xq  and  Xq’  quantities  are 
the  position  and  angle  offsets  of  each  slice  relative  to  the 
projected  bunch  center  at  the  entrance  to  Quadl.  The  data 
show  a  significant  oscillation  of  the  slice  offset  from  one 
side  to  the  other  near  the  tail  of  the  bunch.  The  slices  are 
offset  by  ~200  microns  at  Slice  6  and  then  shift  to  the 
other  side  of  the  bunch  center  to  -700  microns  at  the  tail. 
The  position  and  angle  offsets  may  be  due  to  a  single  kick 
from  the  near-normal  laser  injection  mirror  located 
between  the  gun  and  linac  section. 
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Figure  5:  The  slice  offset  in  position  and  angle  in  front  of 
the  quadrupole  doublet  at  300  pC  and  a  solenoid  field  of 
1.982  kG  Slice  0  is  the  projected  emittance  and  by 
definition  the  offset  of  the  projected  beam  is  0. 

SLICE  ELLIPSES  IN  TRANSVERSE 
PHASE  SPACE 

With  the  slice  ellipse  parameters  and  offsets,  their 
relative  position  can  be  plotted  in  transverse  phase  space, 
as  is  done  in  Figures  6  and  7.  The  figures  clearly  show 
the  projected  emittance  is  larger  than  the  slice  emittance 
not  only  due  to  variation  in  the  Twiss  parameters  but  also 
due  to  the  position  and  angular  offsets. 


Figure  6:  The  slice  rms  emittance  ellipses  for  slices 
labeled  1  to  10  in  transverse  phase  space  for  15  pC  and  a 
gun  solenoid  field  of  1.669  kG.  The  projected  emittance 
ellipse  is  shown  in  black. 


X  (microns) 

Figure  7:  The  slice  rms  ellipses  in  transverse  phase  space 
for  300  pC  and  a  gun  solenoid  field  of  1.982  kG.  The 
projected  emittance  ellipse  is  shown  in  black. 

In  an  attempt  to  separate  these  two  effects,  the  rms 
Twiss  parameters  for  each  slice  were  used  to  construct 
Gaussian  distributions  in  transverse  phase  space  and  the 


ten  slices  summed  to  produce  an  ensemble  representing 
the  total  distribution.  Computing  the  rms  Twiss 
parameters  for  the  total  ensemble  with  and  without  offsets 
quantifies  their  effect. 

For  the  case  of  the  15  pC  data,  the  experimental 
projected  emittance  is  0.81  microns  and  the  reconstructed 
emittance  including  the  effect  of  offsets  is  0.85  microns. 
If  the  offsets  are  artificially  set  to  zero,  the  projected  value 
becomes  0.65  microns.  Since  the  emittance  of  the  central 
slices  is  approximately  0.6  microns,  the  larger  measured 
projected  emittance  is  principally  due  to  offsets. 

For  the  300  pC  data,  the  experimental  emittance  is  3.4 
microns  and  the  reconstructed  with  offsets  is  4.0  microns. 
This  discrepancy  is  mostly  likely  due  to  an  ideal  Gaussian 
distribution  used  for  each  slice  in  the  reconstruction  while 
the  real  distribution  is  almost  certainly  not  Gaussian.  This 
is  being  investigated.  In  any  case,  the  reconstituted 
emittance  with  no  offsets  is  2.5  microns.  Implying  -44% 
of  the  projected  emittance  is  due  to  the  offsets.  The 
average  emittance  of  the  central  slices  is  1.9  microns, 
suggesting  that  approximately  30%  of  the  remaining 
projected  emittance  is  due  to  slice  misalignment.  Even 
with  the  larger  reconstructed  projected  emittance  (4.0 
microns  vs  3.4  microns),  it  can  still  be  concluded  that 
more  than  half  the  the  difference  between  slice  and 
projected  emittance  is  due  to  offsets  with  the  remainder 
coming  from  slice  misalignment. 
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EXPERIMENTAL  MEASUREMENTS  OF  THE  ORION  PHOTOINJECTOR 
DRIVE  LASER  OSCILLATOR  SUBSYSTEM* 

Dennis  T.  Palmer,  Ron  Akre  (SLAC),  Stanford,  CA,  USA 


Abstract 

Timing  jitter  measurements  have  been  conducted  on  the 
ORION  photoinjector  laser  oscillator  pulse  train  output 
with  respect  to  a  ultra  low  noise  crystal  rf  oscillator 
running  at  79  1/3  MHz,  the  36th  harmonic  of  S-Band.  The 
ORION  laser  oscillator  subsystem  consists  of  a  Spectra- 
Physics  Tsunami  ultra-fast  tunable  (750  -  850nm)  laser 
pumped  by  a  Diode  pumped  Spectra-Physics  Millennia 
VsP  5W.  Overall  laser  oscillator  subsystem  performance 
will  be  presented.  These  measurements  consist  of  the 
laser  oscillator  generated  noise  and  transfer  function  from 
the  RF  reference  input  of  the  laser  to  an  external 
photodiode  RF  output.  Timing  jitter  measurements  of  less 
than  500  fsec  have  been  attained  with  the  laser  oscillator 
tuned  to  800  nm. . 

ORION  LASER  RF  REQUIREMENTS 

The  ORION  facility  will  use  an  S-Band  photoinjector 
to  inject  into  the  X-Band  accelerator  at  the  NLCTA 
facility.  The  upgraded  photoinjector  will  replace  the 
present  thermionic  DC  gun,  this  upgrade  will  allow  for 
the  use  of  the  NLCTA  as  an  Advanced  Accelerator  User 
Facility.  The  electron  beam  has  the  following  beam 
characteristics:  0-1  nC,  the  transverse  emittance  at  0.25 
nC  has  been  simulated  to  be  <  2x10"^  n  mm  mrad,  and  a 
beam  energy  of  67  MeV.  The  drive  laser  system  is  a 
commercial  Ti: Sapphire  266  nm  wavelength,  1  mJ  output 
laser  power.  The  stability  requirement  for  the  electron 
beam  with  respect  to  the  RF  is  500fS  rms  for  the 
ORION^’  and  the  LCLS^^^  projects. 

The  RF  source  used  for  the  laser  will  be  derived  from 
the  Main  Drive  Line  (MDL)  RF  at  SLAC.  The  timing 
system  at  SLAC  is  locked  to  a  InS  width  fiducial  pulse  at 
360Hz.  This  monopolar  pulse  is  locked  to,  and 
transmitted  with,  the  476MHz  RF  on  the  MDL  and  causes 
a  double  height  half  cycle  pulse  which  triggers  counters. 
The  476MHz  RF  on  the  MDL  is  also  used  for  PEP  and  is 
shifted  in  frequency  and  phase  so  the  main  linac  can  fill 
different  buckets  in  PEP,  figure  1 . 

Not  only  does  the  phase  shifting  cause  a  problem,  but 
the  phase  noise  of  the  RF  at  the  ORION  facility  is  to  large 
to  achieve  timing  jitter  of  less  than  500fS  rms.  A  phase 
locked  oscillator  must  be  used  to  reduce  the  phase  noise 
and  provide  a  stable  signal  for  the  laser  to  lock  to,  a  signal 
which  is  also  locked  to  the  RF  used  by  the  existing  timing 
system  uses.  Both  the  phase  noise  and  transfer  function 
of  the  laser  oscillator  are  critical  in  understanding  the  RF 
to  laser  output  timing  jitter. 

’•'Supported  by  the  U.S.  Department  of  Energy,  contract  DE-AC03- 
76SF00515:  PAC2003  WPAB028:  SLAC-PUB-9805 
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Figure  1 :  MDL  Phase  with  phase  shifts  to  fill  buckets  in 
the  PEP  storage  rings. 

PHASE  NOISE  MEASUREMENTS 

Phase  Noise  Measurement  System 

The  phase  noise  measurement  system  is  shown  in  figure 
2.  An  external  photodiode  detector  was  used  to  measure 
the  phase  noise  of  the  Tsunami  laser.  A  79.3MHz  Ultra 
Low  Noise  Oscillator  was  used  as  a  reference  oscillator 
for  the  laser.  The  same  oscillator  was  used  to  power  the 
LO  of  a  mixer  after  being  multiplied  to  476MHz.  A 
signal  from  a  photodiode  at  the  laser  output  was 
multiplied  to  476MHz  and  used  to  drive  the  RF  mixer 
port.  The  IF  mixer  port  is  amplified  by  50dB,  filtered, 
and  digitized  by  a  PC  PCI  scope  card.  The  data  are  then 
collected  at  40kHz  and  20MHz.  A  lOkHz  filter  is  used 
for  collecting  data  at  40kHz  and  a  5MHz  filter  is  used  for 
collecting  data  at  20MHz.  The  79.3MHz  oscillator, 
multipliers,  and  low  noise  amplifiers  were  run  off 
batteries  to  reduce  the  noise  floor. 


SOdBAn-pIMer 

20MHz  Data 
CoBedion 


Figure  2:  Phase  Noise  Measurement  System. 
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Phase  Noise  Data 

Phase  noise  data  taken  with  the  above  system  is  seen  in 
figures  3  and  4  with  data  sample  rates  of  40kHz  and 
20MHz  respectively.  The  Resolution  Band-Width,  RBW, 
is  listed  below  the  frequency  spectrums  and  is  the 
frequency  bandwidth  the  noise  power  is  measured  over. 

The  integrated  phase  noise  plots,  figures  5  and  6,  are  an 
integral  from  the  frequency  listed  on  the  x  axis  to  the 
Nyquist  frequency  of  either  20kHz  or  lOMHz.  The 
integration  takes  out  much  of  the  fluctuations  of  the  fft, 
allowing  one  to  see  the  frequencies  which  contribute  most 
to  the  total  noise.  Since  each  point  is  an  integral  from  an 
upper  limit  to  the  lower  limit,  the  lower  limit  given  by  the 
horizontal  axis,  one  can  see  how  high  in  frequency  a 
feedback  system  must  go  in  order  to  reduce  jitter  to  a 
value  as  read  from  the  vertical  axis. 


0.01  0.1  1  10  100  I’lO^  I-IO'*  110^ 

Frequency  Hz 

RBW  =  0.076 

Figiire  3:  Laser  Oscillator  Noise  Spectrum  (40kHz) 


10  100  110^  iio''  mo’  mo’  mo’ 


Frequency  Hz 

RBW  =  38.147 

Figure  4:  Laser  Oscillator  Noise  Spectrum  (20MHz) 

Since  jitter  is  the  integral  of  noise,  a  system  required  to 
meet  a  jitter  specification  can  only  do  so  up  to  a  certain 
frequency  or  band-width.  The  noise  floor  of  the  system 
will  determine  the  maximum  band-width  for  a  given  jitter 
level.  To  look  at  the  effect  on  high  frequency  noise,  we 
take  a  closer  look  at  the  noise  floor  of  figure  4.  The 
following  numbers  are  from  integration  over  the  selected 
ranges  of  the  data  shown  in  figure  4. 


Integration  Range  Noise  Level  Down 

From  Carrier  From  Carrier 

lMHzto2MHz  9.2e-10 

2MHzto3MHz  8.9e-10 

3MHzto4MHz  6.5e-10 

4MHzto5MHz  5.5e-10 

The  5MHz  low  pass  filter  used  to  collect  this  data  will 
cause  the  noise  level  to  be  IdB  lower  at  5MHz  and  has  a  - 
3dB  cutoff  at  6MHz.  From  this  data  a  conservative 
estimate  of  the  noise  floor  is  -90dBc/MHz.  The  timing 
jitter  from  this  noise  floor  integrated  out  to  40MHz, 
40X=16dB,  would  be  -74dBc  at  476MHz,  or  69fS.  The 
high  frequency  noise  floor  is  not  a  significant  source  of 
jitter. 


Figure  5;  Integrated  Noise  Spectrum  (40kHz) 


The  major  contribution  to  jitter  is  a  broad  spectrum  of 
noise  from  about  800Hz  to  about  3KHz.  The  noise 
source,  which  contributes  the  next  highest  amount  to  the 
jitter,  is  the  sharp  peak  at  120Hz  figures  3  and  5.  Next  in 
line  would  be  the  broad  peak  at  about  400kHz,  figures  4 
and  6. 


Frequency  Hz  -  Start  of  Integration 


Figure  6:  Integrated  Noise  Spectrum  (20MHz) 

From  figure  5,  the  integrated  noise  from  IHz  to  lOkHz 
is  about  430fS.  From  figure  6,  the  integrated  noise  from 
lOkHz  to  IMhz  is  about  ISOfS.  If  we  add  up  these  two 
noise  levels  from  IHz  to  IMHz  and  add  to  that  the  69fS 
from  IMHz  to  40MHz,  the  total  integrated  noise  level 
from  IHz  to  40MHz  is  less  than  480fS.  This  is  the  rms 
jitter  at  the  laser  oscillator  output  with  respect  to  the 
inputRF. 
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TRANSFER  FUNCTION 
MEASUREMENTS 

A  low  frequency  network  analyzer  was  used  to  measure 
the  transfer  function  from  the  locking  input  of  the  laser 
oscillator  to  the  output  of  an  external  photodiode.  The 
setup  is  shown  in  figure  7. 

TSUNAMI  LASER  Pho«*  I 


Figure  7:  Transfer  Function  Measurement  Test  Setup. 

The  system  was  calibrated  by  connecting  the  cable 
from  the  Lok  to  Clock  box  input  to  the  cable  connected  to 
the  Photo  Detector  output.  This  bypassed  the  Tsunami 
Laser  and  the  Photo  Detector.  The  phase  shifter  was 
adjusted  to  zero  the  mixer  IF  output  and  the  network 
analyzer  normalized. 

The  output  of  the  Phase  Modulator  was  then  connected 
to  an  HP8562A  Spectrum  Analyzer.  The  Network 
Analyzer  output  was  set  to  an  amplitude  of  20mV  and  the 
Spectrum  Analyzer  showed  sidebands  at  -63dBc. 

The  Phase  Modulator  output  was  then  connected  to  the 
input  of  the  Tsunami  Laser  Lok  to  Clock  box.  The 
Network  Analyzer  was  set  to  IkHz  CW.  The  Photo 
Detector  signal,  before  the  RF  port  of  the  mixer  was 
measured  with  the  Spectrum  Analyzer.  The  IkHz 
sidebands  were  -60dBc  which  is  consistent  with  the  shape 
of  the  transfer  function. 

The  calibration  does  not  take  out  a  gain  offset  in  the 
system  but  OdB  gain  is  the  level  of  the  signal  below 
lOOHz,  as  the  output  of  the  laser  tracks  the  input  very 
closely  in  this  region. 

The  gain  and  phase  data  taken  are  shown  in  figure  8. 
The  gain  and  phase  are  flat  to  about  1 .5kHz.  What  looks 
like  a  resonance  causes  the  gain  to  peak  at  about  3kHz 
and  the  phase  to  change  by  -90°  from  1.5kHz  to  4kHz. 
Beyond  lOkHz  the  phase  changes  further  which  could 
cause  a  simple  external  feedback  system  with  gain  beyond 
lOkHz  to  go  unstable. 
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Figxire  8:  Transfer  Function  Data. 

COMMENTS 

The  120Hz  peak  in  the  noise,  figures  3  and  5,  has  a 
magnitude  of  about  200fS.  There  could  be  many  sources 
for  this  noise,  likely  sources  would  be  DC  power  supplies 
for  the  electronics  or  pump  laser.  Since  ORION  and 
LCLS  will  be  running  at  120Hz  or  a  sub-harmonic,  this 
noise  may  not  even  be  detected  in  the  system. 

The  above  transfer  functions,  figure  8,  shows  that  a 
simple  external  feedback  system  could  be  used  to  control 
the  phase  if  it  has  a  cutoff  frequency  of  about  IkHz. 
From  the  phase  noise  plots  one  might  expect  the  jitter  to 
be  reduced  by  about  lOOfS  with  such  a  feedback.  The 
total  jitter  in  this  case  would  be  below  380fS. 

By  tuning  the  laser  locking  feedback  and  adding 
external  feedback,  one  might  be  able  to  push  the  feedback 
limit  to  about  3kHz.  A  3kHz  feedback  system  might 
reduce  the  jitter  level  to  about  240fS.  To  get  much  further 
below  this  level,  noise  floors  in  the  electronics  would 
have  to  be  reduced  and/or  locking  done  at  a  harmonic  of 
the  laser  frequency  to  further  reduce  noise  levels. 

The  laser  oscillator  stability,  as  is,  meets  the 
requirements  for  the  LCLS  and  ORION  projects.  At  this 
time,  work  to  further  reduce  the  stability  of  the  laser  does 
not  have  a  high  priority. 
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STATUS  OF  THE  UCLA  PEGASUS  LABORATORY* 


G.  Andonian,  P.  Frigola ,  S.  Reiche,  J.B.  Rosenzweig,  S.Telfer,  G.Travish 
UCLA,  Los  Angeles,  California  90095 


Abstract 

The  PEGASUS  laboratory  is  a  versatile  radiation  facil¬ 
ity  dedicated  to  the  advancement  of  novel  concepts  in  beam 
physics.  The  installation  of  a  new  LaBe  cathode  will  allow 
for  both  thermionic  emission  and  photoinjection  operation. 
The  PEGASUS  plane  wave  transformer  injector  has  been 
conditioned  to  20  MW  of  RF  power.  Recent  operations 
show  a  15  MeV  dark  current  beam  that  will  be  used  for 
beam  radiation  studies.  An  upgrade  to  the  drive  laser  sys¬ 
tem  has  been  explored  and  will  be  realized  shortly.  This 
paper  will  describe  and  report  the  status  of  the  various  sub¬ 
systems  of  the  PEGASUS  laboratory  and  outline  the  ex¬ 
periments  underway,  such  as  innovative  beam  instrumenta¬ 
tion,  surface  effects  in  optical  transition  radiation,  Thom¬ 
son  scattering,  and  waveguide  SASE  FEL. 


INTRODUCTION 

The  PEGASUS  (Photoelectron  Generated  Amplified 
Spontaneous  Radiation  Source)  beam-radiation  laboratory 
has  been  commisioned  at  UCLA.  The  long-term  goal  of 
PEGASUS  is  the  study  of  SASE  FEL  physics  and  other 
beam-radiation  interactions.  The  current  experiment  in 
progress  at  PEGASUS  is  the  study  and  imaging  of  optical 
transition  radiation  from  various  surfaces.  Thomson  Scat¬ 
tering,  and  other  radiative  processes,  will  be  examined  at 
PEGASUS  in  the  following  months. 

PEGASUS  is  a  linac-based  electron  beam  radiation  lab¬ 
oratory.  The  present  injector  consists  of  the  Plane  Wave 
Transformer  (PWT)  Injector  [1].  The  existing  design  of 
the  cathode  supports  the  opertion  of  thermionic  emission 
and  photoinjection.  Table  1  shows  the  relevant  beam  pa¬ 
rameters  for  the  photoinjection  mode. 


Table  1: ; 


Parameter 

Value 

Energy 

Energy  Spread 
Emittance 

Bunch  Charge 

Bunch  Length 

Beam  Size 

Undulator  Parameter 
Undulator  Period 

12-18  MeV 
0.15% 

<  4  mm-mrad 
InC 

1  mm 

150  fim 

1.05 

20.5  mm 

*  Work  supported  by  DOE  grant  DE-FG03-98ER45693 


LABORATORY  DESCRIPTION 

RF  Injector 

The  PWT  gun  is  a  novel  standing-wave  S-band  electron 
source  that  is  designed  to  provide  1  nC,  17  MeV  electron 
beams.  The  peak  gradient  is  expected  to  be  60  MV/m.  The 
PWT  has  a  compact  design,  allowing  a  simple  emittance 
compensation  solenoid.  At  present,  a  LaBg  cathode  serves 
as  the  electron  source  via  thermionic  emission.  Other  cath¬ 
odes  to  be  tested  at  PEGASUS  will  include  OHFC  copper, 
single  crystal  copper,  and  Cs2Te. 

Thermionic  Emitter  The  PWT  allows  for  insertable 
and  removable  cathodes.  The  current  cathode  assembly 
entails  a  LaBg  thermionic  cathode  heated  conductively  by 
a  UHV  substrate  cartridge  heater.  Thermionic  cathodes 
are  desirable  for  high  (accumulated)  charge  applications, 
such  as  transition  radiation  [2].  The  thermionic  cathode 
provides  a  quick  and  cost  efficient  method  of  generating 
beam  charges  up  to  the  1  nC  level.  Initial  observations 
show  that  the  heater  has  achieved  operating  temperatures 
between  lOOO^C  -  1200°C,  corresponding  to  an  operating 
power  of  5-6  Watts  and  an  operating  thermionic  DC  current 
of  approximately  400  //A  [3]. 

Photocathode  Drive  Laser 

A  drive  laser  system  has  been  designed  and  will  be  pro¬ 
cured  from  commercial  sources  in  the  near  term.  The  laser 
is  based  on  Ti:S  to  allow  for  femtosecond  beam  -  laser  in¬ 
teractions.  A  terawatt  class  amplifier  is  envisioned  as  an 
eventual  extension  for  Thomson  scattering  and  other  radia¬ 
tive  processes.  The  drive  laser  and  terawatt  system  are  fur¬ 
ther  described  in  these  proceedings  [1]. 

RF  Power  System 

The  RF  system  is  designed  to  supply  20  MW  of  power 
to  the  PWT  injector.  A  small  amount  of  the  89.25  MHz 
mode-locker  RF  from  the  laser  oscillator  is  fed  into  a  phase 
locked  oscillator  running  at  2.856  GHz.  Final  amplifica¬ 
tion  of  the  signal  is  made  by  a  SLAC  XK5  klystron.  The 
20  MW  of  RF  power  is  transported  to  the  PWT  by  a  SFe 
filled  A1  waveguide  system.  Large  reflected  voltages,  from 
the  standing  wave  PWT  structure,  are  absorbed  by  a  high 
power  ferromagnetic  isolator  [4]. 

Undulator 

The  PEGASUS  undulator  is  available  for  FEL  and  undu¬ 
lator  studies.  The  device  a  tapered,  2m  long,  planar  magnet 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 


2110 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


Figure  1:  CAD  Drawing  of  the  PEGASUS  Beamline. 


undulator  with  a  20.5  mm  period  and  K  =  1.05.  The  undu- 
lator  was  constructed  in  collaboration  with  the  Kurchatov 
Institute.  SASE  was  first  observed  with  it  at  LANL  [5].  A 
pulsed  wire  apparatus  developed  at  UCLA  was  used  suc¬ 
cessfully  in  the  UCLA/LANL  experiment.  This  apparatus 
allows  for  multipole  B-field  measurements,  and  thereby  fa¬ 
cilitates  alignment  and  quantification  of  the  undulator  pa¬ 
rameter. 

Experimental  Diagnostics 

Beam  energy  and  energy  spread  are  measured  in  the 
dispersive  section  after  the  dipole  spectrometer.  Beam 
charge  is  determined  using  impedance  matched  stripline 
sum-signals  and  Faraday  cup  beam  dumps.  Both  charge 
and  energy  measurements  are  made  in  two  locations,  before 
and  after  the  undulator.  Throughout  the  beamline,  beam 
position  and  size  are  monitored  using  YAG  crystals  imaged 
with  CCD  cameras.  Intra-undulator  measurements  are  con¬ 
ducted  in  a  similar  fashion.  Emittance  measurements  are 
made  via  the  quadrupole  scanning  technique.  The  focus¬ 
ing  quadrupoles  and  dipole  spectrometers  were  designed, 
fabricated  and  characterized  at  UCLA  to  meet  laboratory 
specifications. 

EXPERIMENTS 

Optical  Transition  Radiation 

An  extended  analytical  model  for  optical  transition  radi¬ 
ation  (OTR)  has  been  developed  [6].  Of  particular  interest 
is  OTR  from  non-standard  generic  surfaces,  which  include 
arbitrary  modulated  surfaces  in  a  limited  plane.  The  re¬ 
sults  for  a  17  MeV  beam  will  be  compared  with  the  pre¬ 
dicted  analysis  for  parabolic,  grating,  and  Fresnel  surfaces. 
A  thermioinic  emitter  is  advantageous  for  this  study  since 
it  provides  the  required  high  integrated  charge  beams  to  be 
intercepted  by  the  various  targets.  A  high  resolution,  color 
digital  camera  is  used  for  spectral  analysis.  In  the  initial 
runs,  rough  (>  2A)  and  smooth  (A/4)  aluminum  and  cop¬ 
per  surfaces  were  used  to  intercept  the  beam,  where  A  is  the 
radiation  wavelength  l^m) . 


SASE  EEL  Physics 

SASE  FEL  studies  will  revolve  around  the  2m  IR  FEL 
undulator.  Although  the  beam  provided  by  the  PWT  would 
not  drive  the  FEL  to  saturation,  GENESIS  1.3  simulations 
show  that  the  addition  of  a  1  mm  square  waveguide  will 
significantly  enhance  gain  and  reduce  the  saturation  length 
by  about  30  %  [7].  Insertion  of  a  commercially  avail¬ 
able  waveguide  in  the  undulator  has  been  investigated.  The 
waveguide  will  enhance  FEL  performance  by  compensat¬ 
ing  for  diffractive  effects,  eventually  yielding  saturation. 
Of  particular  interest  is  the  purity  of  the  waveguide  mode 
as  well  as  the  power  losses  of  the  proposed  hollow  glass 
waveguide  [8]. 

Thomson  Scattering 

The  installation  of  an  upgraded  drive  laser  system  will 
facilitate  the  study  of  electron  beam  -  laser  beam  interac¬ 
tions.  Calculations  show  that  with  existing  PEGASUS  pa¬ 
rameters,  and  a  UV  pulse  length  of  100  fs  and  peak  power 
ITW,  the  tunable  x-ray  pulse  will  have  a  photon  flux  of  up 
to  10®  photons  per  pulse  (at  180°  incident  angle)  and  radi¬ 
ation  wavelength  of  2.2  A[9]. 
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Abstract 

A  photoinjector  based  on  a  multi-cell  plane  wave 
transformer  accelerating  structure  has  been  commissioned 
at  the  UCLA  Department  of  Physics’  PEGASUS 
Laboratory.  Design  and  construction  of  the  novel  structure 
have  been  previously  reported  [J.  Rosenzweig,  et  al.  PAC 
Proceedings  1997],  and  recent  operation  with  a 
thermionic  cathode  is  being  presented  at  this  conference 
[P.  Frigola,  et  al.  these  proceedings].  This  paper  describes 
the  planned  operation  of  the  PWT  gun  as  a  photoinjector, 
including  design  and  construction  details  of  the  drive 
laser.  Progress  to  date  and  future  plans  are  discussed. 

THE  PHOTOINJECTOR  STRUCTURE 

The  PEGASUS  Photoinjector  is  a  novel  standing- wave 
S-band  structure  based  on  the  Plane-Wave  Transformer 
(PWT)  design  [1],  The  injector  consists  of  a  replaceable 
cathode,  an  initial  half-cell,  and  ten  full  cells,  and  a  final 
half-cell  for  a  total  length  of  60  cm  [2].  Each  cell  is,  in 
fact,  a  volume  separated  by  disks  of  4.2  cm  diameter  in  a 
12  cm  diameter  tank  (see  Figure  1).  The  RF  structure 
features  strong  (0.3)  cell-cell  coupling  to  prevent  mode 
overlap. 


Figure  1:  A  cross  section  of  the  PEGASUS  PWT 
Photoinjector  showing  the  11  discs  forming  the  cells 
inside  the  tank  and  the  solenoid  surrounding  the  cathode 
region. 

The  peak  field-gradient  is  designed  to  be  60  MV/m,  and 
the  nominal  beam-energy  is  17  MeV.  The  structure  has  a 
fill  time  of  2-3  |is,  a  shunt  impedance  of  approximately 
50  M/m,  and  a  Ql  of  roughly  6000. 

Due  to  the  compact  and  simple  design  of  the  gun,  a 
simple  solenoid  can  be  used  for  emittance  compensation. 
Simulations  indicate  that  the  design  specifications  of 
Table  1  should  be  readily  achievable  [3]. 

The  interchangeable  cathode  design  allows  for  a  variety 
of  cathode  materials  to  be  tested  including  the  planned  use 
of  copper,  magnesium,  heated  LaB6,  and  conventional 
thermionic  emitters. 

*  Work  supported  by  DOE  grant  DE-FG03-98ER45693 


Status 

The  status  of  the  PEGASUS  laboratory  is  reviewed 
elsewhere  [4].  To  date,  the  PWT  linac  structure  has  been 
conditioned  at  high  power  (20  MW)  [5],  and  dark-current 
emission  has  been  measured  with  a  peak  energy  of 
15  MeV  over  the  4  ^s  RF  pulse  [6].  An  effort  to  retrofit  a 
thermionic  cathode  has  been  underway  [7]  in  order  to 
deliver  beam  for  testing  and  preliminary  measurements 
until  a  drive  laser  can  be  procured. 


Table  1:  Photoinjector  design  beam  specification. 


Beam  Parameter 

Value 

Energy 

12-18  MeV 

Energy  Spread 

0.15% 

Emittance  (norm,  rms) 

4  fim 

Charge 

InC 

Bunch  Length 

1  mm 

THE  DRIVE  LASER 

The  PEGASUS  drive  laser,  as  with  all  photoinjector 
drive-lasers,  must  provide  a  sufficient  number  of  photons 
with  an  energy  above  the  cathode  workfunction,  and 
within  a  pulse-length  short  relative  to  the  RF  period.  In 
practice,  this  implies  a  UV  (-266  nm)  laser,  with  «200  /tJ 
of  energy  at  the  cathode,  and  a  pulse  length  adjustable 
from  about  1  to  10  ps  (see  Table  2).  The  pointing  stability, 
energy  stability  and  reliability  have  been  only 
qualitatively  considered,  but  should  be  near  state-of-the- 
art  as  the  design  calls  for  an  all  diode-pumped  system.  In 
addition  to  these  general  requirements,  the  drive  laser 
needs  to  be  operable  by  non-specialists  (i.e.  no  dedicated 
laser  operator),  and  be  flexible  enough  to  allow  for 
reconfiguration  to  meet  new  research  directions  (i.e. 
addition  of  a  pulse  shaper,  diagnostics,  etc.). 


Table  2:  The  design  goals  of  the  PEGASUS  drive  laser. 


Laser  Parameter 

Value 

Wavelength 

266  nm 

-Energy _ 

>  200pJ 

Pulse  length 

1  -  lOps 

Repetition  rate 

500-  1000  Hz 

A  future  consideration  for  the  laser  system  is  to  drive  a 
terawatt  class  amplifier  for  short-pulse  photon-electron 
interactions  and  to  provide  short-wavelength  radiation. 
The  above  plan  along  with  the  desire  to  obtain  as  much  of 
the  laser  from  commercial  vendors  and  to  utilize  proven 
technology,  has  lead  to  the  selection  of  Ti:S  as  the  laser 
medium. 
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Drive  Laser  Design 

Figure  2  shows  a  block  diagram  of  the  design  for  the 
PEGASUS  drive  laser.  The  majority  of  the  components 
are  commercially  available.  The  salient  components  are 
the  diode-pumped  pump-lasers  for  both  the  oscillator  and 
regenerative  amplifier  (regen),  and  the  absence  of  any 
multi-pass  amplifier  which  could  degrade  the  beam 
quality  and  stability. 

The  --100  fs  pulses  from  the  oscillator  are  grating 
stretched  and  then  masked  in  order  to  produce  a 
compressed  pulse  —  after  amplification  —  that  has  a 
minimum  of  residual  chirp:  as  no  pulse  shaping 
techniques  are  to  be  employed  initially,  the  full  oscillator 
bandwidth  is  unnecessary. 

The  regen  will  likely  operate  at  500  Hz  -  IKhz  in  order 
to  improve  stability,  while  the  photoinjector  RF-system 
will  run  between  1  and  10  Hz.  The  additional  laser  shots 
will  simply  hit  the  cathode,  but  not  produce  accelerated 
beam. 


Figure  2:  The  design  of  the  PEGASUS  drive  laser. 

Future  Work 

Near  term  work  on  the  PEGASUS  drive  laser  includes 
preparation  of  the  laser  room,  final  selection  of  the 
oscillator  and  frequency  conversion  crystals,  as  well  as 
engineering  of  the  control  system  interfaces.  Procurement 
of  the  laser  system  components  should  occur  soon 
thereafter. 

Selection  of  the  oscillator  between  the  various 
commercial  offerings  is  complicated  by  limited  data  on 
performance  of  these  lasers  in  general  and  specifically  as 
mode  locked  seeds  for  photoinjectors. 

The  laser  room  requires  facilities  upgrades  including 
construction  of  an  inner  dust-proof  room,  improvement  of 
the  thermal  stability  (HVAC  system),  and  general 
“remodeling”.  While  the  room  has  previously  supported  a 
drive  laser,  changes  to  the  building  and  age  have  created 
an  environment  that  does  not  meet  the  requirements  for 
reliable  laser  operation. 

THE  LASER 

Beyond  initial  Photoinjector  operation,  beam  studies, 
and  near-term  planned  experiments,  it  is  hoped  to 
introduce  a  terawatt  class  laser  into  the  PEGASUS  lab  for 
photon-electron  interactions.  One  specific  plan  is  for  a 
Thomson  source  which  provides  modest  x-ray  fluxes  for 
PEGASUS  researchers  and  other  on-campus  studiers  [8]. 


The  head-on  interaction  of  the  electron  beam  focused  to  a 
50  pm  spot  with  a  transversely  matched  laser  of  1  TW 
(100  mJ)  gives  an  x-ray  flux  of  about  2x10^  photons  at 
about  2  A.  Increasing  the  laser  power  to  2  TW  and 
focusing  the  beams  to  a  difficult  to  achieve  25  pm  spot 
size,  yields  more  than  an  order  of  magnitude  more  x-ray 
photons  and  two  orders  of  magnitude  improvement  in  the 
brightness.  However,  the  head-on  scattering  produces 
long  x-ray  pulses.  To  achieve  shorter  pulses,  90  degree 
scattering  will  be  required,  with  the  penalty  being  a 
substantial  reduction  in  the  photon  flux  (down  to  about 
2x10^  even  in  the  aggressive  case)  [9]. 

As  is  indicated  in  Figure  2,  room  for  a  second 
regenerative-amplifier  (regen  #2)  has  been  included  in  the 
design  of  the  drive  laser.  The  two  regens  are  both  pumped 
by  the  same  laser,  with  the  second  regen  allowing  for 
amplification  of  unmasked  stretched-pulses  in  order  to 
produce  femtosecond  (~  50  -  100  fs)  pulses  of  sufficient 
energy  to  seed  a  multipass  “bow-tie”  amplifier.  These 
short  pulses  would  be  transported  in  vacuum  to  near  the 
interaction  area  where  a  vacuum  compressor  would  be 
installed. 

The  nominal  design  goals  for  the  PEGASUS  T3  laser 
are  given  in  Table  3,  while  a  block  diagram  of  the  system 
is  shown  in  Figure  3. 


Table  3:  The  design  goals  of  the  PEGASUS  T3  laser. 


Laser  Parameter 

Value 

Wavelength 

800  nm 

Energy 

100  -  200  mJ 

Pulse  length 

50-100fs 

Repetition  rate 

10  Hz 

comprcs.sor 


Figure  3:  A  simplified  layout  for  the  PEGASUS  T3  laser. 
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Abstract 

The  Photo  Injector  Test  facility  at  DESY  Zeuthen 
(PITZ)  was  built  in  order  to  study  the  production  of  high 
brightness  electron  beams,  which  are  substantial  for  the 
successful  operation  of  Free  Electron  Lasers  (FEL)  and 
linear  colliders.  The  photoinjector  at  Zeuthen  is  based  on 
a  1.5-cell  L-band  rf  cavity  with  coaxial  rf  coupler 
equipped  with  emittance  compensating  solenoids,  a  laser 
capable  to  generate  long  pulse  trains,  an  UHV  photo  cath¬ 
ode  exchange  system,  and  various  diagnostics  tools.  The 
current  goal  of  PITZ  is  a  full  characterization  of  the  elec¬ 
tron  source,  which  will  be  installed  at  the  TESLA  Test 
Facility  Free  Electron  Laser  (TTF2-FEL)  in  autumn 
2003.  In  the  running  periods  before  the  gun  is  delivered  to 
TTF2-FEL,  the  rf  performance  and  the  beam  parameters 
will  be  measured  in  detail.  The  results  presented  in  this 
contribution  contain  the  measurements  of  dark  current, 
driving  laser  parameters,  beam  charge,  beam  size  along 
the  facility,  transverse  emittance,  momentum  and  momen¬ 
tum  spread.  The  electron  beam  measurements  will  be  pre¬ 
sented  in  comparison  with  beam  dynamics  simulations. 


INTRODUCTION 


In  January  2002  the  first  photoelectrons  were  produced 
at  the  photoinjector  test  facility  at  DESY  Zeuthen  [1].  The 
current  near  term  goal  of  PITZ  is  to  do  a  full  characteriza¬ 
tion  of  the  existing  electron  source  and  then  to  install  it  at 
the  VUV-FEL  at  TTF2  in  Hamburg  in  autumn  2003.  The 
schematic  overview  is  presented  in  Fig.  1 . 
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Figure  1;  Schematics  of  the  current  set-up. 


ACHIEVEMENTS  ON  RF 
COMMISSIONING 

A  smooth  commissioning  procedure,  partially  using  an 
automatic  conditioning  program  (ACP)  [2],  yields  an  op- 
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eration  with  up  to  900  ps  long  rf  pulses  at  10  Hz  repeti¬ 
tion  rate  and  a  gradient  of  about  40  MV/m.  That  corre¬ 
sponds  to  a  maximum  averaged  power  of  27  kW  in  the 
gun  cavity  with  0.9%  duty  cycle  [3,4]. 

The  dark  current  in  the  gun  cavity  has  been  measured 
as  a  function  of  the  accelerating  gradient,  main  solenoid 
and  bucking  magnet  currents  [4].  Measurements  were 
performed  using  Mo  and  Cs2Te  cathodes  (Fig.  2).  With  a 
rf  eleetric  field  of  —40.5  MV/m  and  a  main  solenoid  cur¬ 
rent  of  200  A,  the  dark  current  for  Cs2Te  is  about  180  pA. 


Figure  2:  Maximum  dark  current  measured  as  a  function 
of  the  electric  field  at  the  cathode. 


Main  solenoid  current  (A) 


Figure  3:  Contour  plot  of  the  dark  current  at  40  MV/m  for 
the  CszTe  cathode  as  a  function  of  main  solenoid  and 
bucking  solenoid  currents. 

Results  of  a  detailed  study  of  the  dark  current  de¬ 
pendence  on  the  magnetic  field  of  main  and  bucking  sole¬ 
noids  are  presented  in  Fig.3. 
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PHASE  SCAN 

The  PITZ  driving  laser  is  able  to  generate  trains  of  mi¬ 
cro  pulses  of  up  to  800  ps  length.  The  actual  temporal 
profile  (gaussian  shape)  of  the  laser  micro  pulses  in  the 
UV  was  measured  using  a  streak  camera  to  be  about 
(7±l)ps  FWHM.  The  transverse  profile  of  the  laser 
beam  can  be  varied  and  typical  rms  transverse  sizes  of 
'-0,5  mm  can  be  obtained. 

The  laser  shape  determines  significantly  the  photoelec¬ 
tron  phase  scan  -  the  dependence  of  the  number  of  accel¬ 
erated  photoelectrons  on  the  rf  launch  phase.  The  beam 
charge  measured  by  the  first  Faraday  cup  (0.78  m  from 
the  cathode)  is  shown  in  Fig.  4  for  two  different  main 
solenoid  currents. 


Figure  4:  Measured  beam  charge  as  a  function  of  rf  phase. 
Gradient  at  the  cathode  40  MV/m. 

A  two  dimensional  phase  scan  -  measured  beam  charge 
as  a  function  of  rf  phase  and  main  solenoid  current  -  is 
presented  in  Fig.  5. 


Figure  5:  2D  phase  scan  -  contour  plot  of  the  measured 
beam  charge  as  a  function  of  rf  phase  and  main  solenoid 
current.  Gradient  at  the  cathode  40  MV/m. 

At  zero  solenoid  field  the  peak  at  the  right  side  of  the 
phase  scan  (low  beam  energies)  could  be  explained  by 
focusing  effects  of  the  rf  field.  For  increasing  solenoid 
fields  higher  beam  energy  is  needed  to  have  a  good 
transmission  through  the  cavity.  A  particle  tracking  code 
ASTRA  [5]  was  used  to  simulate  the  beam  charge  de¬ 
pendence.  The  result  is  shown  in  Fig.  6.  According  to 
simulations  for  the  actual  driving  laser  beam  parameters 
and  main  solenoid  longitudinal  position,  features  of  the 
phase  scan  are  caused  by  particle  loses  at  the  photocath¬ 


ode  (due  to  high  space  charge)  or  at  cavity  and  beam  line 
apertures. 


Beam  Charge /nC 


Phase  / deg 


Figure  6:  Simulated  2D  phase  scan  -  contour  plot  of  the 
beam  charge  as  a  function  of  rf  phase  and  main  solenoid 
current.  Gradient  at  the  cathode  40  MV/m. 

LONGITUDINAL  MOMENTUM 
MEASUREMENT 

The  mean  momentum  and  the  momentum  distribution 
of  the  electron  beam  were  measured  using  the  dipole 
spectrometer.  The  mean  beam  charge  used  was  about  1 
nC,  the  accelerating  gradient  at  the  cathode  was  40.5 
MV/m  [6].  The  dependence  of  the  measured  mean 
momentum  and  the  momentum  spread  as  a  function  of  the 
rf  phase  compared  to  simulations  is  shown  in  Fig.  7. 

The  smallest  momentum  spread  of  15  keV/c  for  1  nC  is 
measured  at  rf  phase  of  ~  1 5 


Phase  /  deg 


Figure  7:  Mean  momentum  (left  axis)  and  momentum 
spread  (right  axis)  as  function  of  the  rf  phase  in  compari¬ 
son  with  simulation. 

TRANSVERSE  SIZE  MEASUREMENTS 

The  rms  size  of  the  electron  beam  has  been  measured  at 
different  screens  along  the  beam  line.  Dependences  of  the 
beam  size  at  the  screen  of  EMSY  and  screen_PP  (1.62  m 
and  2.63  m  from  the  cathode,  respectively)  on  the  main 
solenoid  current  are  shown  in  Fig.  8.  Rough  estimations 
for  the  transverse  emittance  X/Y  for  main  solenoid  cur¬ 
rents  of  290A/292A  yield  normalized  transverse  emit- 
tances  of  (2.8±0.9)  /  (3.0±0.9)  Ti-mm-mrad,  respectively. 
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Figure  8:  Measured  beam  spot  sizes  as  function  of  the 
main  solenoid  current.  Gradient  at  the  cathode  40MV7m, 
beam  charge  0.5  nC. 

The  transverse  beam  size  ( »  =  /yz  .yi  )  measured 
at  screen_PP  as  a  function  of  the  rf  phase  for  different 


Figure  9:  Measured  beam  spot  sizes  as  function  of  the  rf 
phase  for  different  main  solenoid  currents.  Gradient  at  the 
cathode  40  MV/m,  beam  charge  0.5  nC. 

The  longitudinal  mean  momentum  dependence  on  the 
rf  phase  is  shown  on  the  same  plot.  It  has  a  maximum  at 
the  phase  of  the  local  maximum  of  the  beam  spot  size 
(minimum  for  higher  solenoid  currents).  This  is  explained 
by  the  dependence  of  the  solenoid  focusing  properties  on 
the  beam  energy  and  was  confirmed  by  corresponding 
simulations.  Such  a  beam  size  phase  scan  can  serve  as  an 
efficient  tool  for  obtaining  the  phase  of  the  maximal  en¬ 
ergy  gain,  since  it  is  significantly  faster  than  momentum 
measurements  using  dipole  and  dispersive  arm. 

TRANSVERSE  EMITTANCE 
MEASUREMENTS 

Measurements  of  the  transverse  emittance  were  per¬ 
formed  using  a  single-slit  diagnostics.  Beamlet  profiles 
were  observed  1010  mm  dovmstream  of  a  single-slit  mask 
(1  mm  thick  tungsten  plate,  50  pm  slit  opening)  at 
screen_PP  [7].  The  transverse  emittance  was  measured  as 


function  of  the  main  solenoid  current.  The  results  are 
shovm  in  Fig.  10. 
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Figure  10:  Measured  transverse  beam  emittance  as  a  flmc- 
tion  of  the  main  solenoid  current.  Gradient  at  the  cathode 
--40  MV/m,  beam  charge  -0.5  nC. 

The  measured  emittance  values  correspond  to  simula¬ 
tion  predictions  of  the  minimum  achievable  emittance  of 
-3  7i-mm-mrad  for  the  present  short  laser  duration  (7  ps 
FWHM).  These  values  are  different  from  the  ones  ob¬ 
tained  earlier  [8]  because  the  laser  beam  parameters  have 
been  changed.  Emittance  improvement  will  be  obtained 
by  driving  laser  parameters  optimization  (temporal  flat- 
top  profile  with  short  rise/fall  times)  as  foreseen  in  the 
next  months. 


SUMMARY  AND  OUTLOOK 

The  experimental  characterization  of  the  electron 
source  at  the  photoinjector  test  facility  at  DESY  Zeuthen 
is  ongoing.  A  maximum  average  power  of  27  kW  in  the 
gun  with  a  duty  cycle  of  0.9%  has  been  achieved.  De¬ 
tailed  measurements  of  dark  current,  beam  longitudinal 
momentum  and  transverse  phase  space  have  been  dis¬ 
cussed. 


REFERENCES 

[1]  F,  Stephan  et.  al,  “Photo  Injector  Test  Facility  under  con¬ 
struction  at  DESY  Zeuthen”,  Proc.  FEL2000,  Durham, 
August  2000. 

[2]  I.  Bohnet  et.  al.,  “Photo  Injector  Test  Facility  in  commis¬ 
sioning  phase  at  DESY  Zeuthen”,  Proc,  EPAC2002,  Paris, 
June  2002. 

[3]  J.-P.  Cameiro,  S.  Schreiber,  D.  Edwards  “Experimental 
Studies  of  RF  Breakdowns  in  the  Coupler  of  the  TTF  RF 
Gun”,  PAC2003 

[4]  J.H.  Han  et  al.  “Dark  current  measurements  at  the  PITZ 
gun”,  Proc.  DIPAC2003,  Mainz,  May  2003. 

[5]  K.  Flottmann,  A  Space  Charge  Tracking  Algorithm 
(ASTRA),  http:/www.desy.de/-mpyflo 

[6]  D.  Lipka  et  al,  “Measurements  of  the  longitudinal  phase 
space  at  PITZ”,  Proc.  DIPAC2003,  Mainz,  May  2003. 

[7]  V.  Miltchev  et  al.  “Transverse  emittance  measurements  at 
PITZ”,  Proc.  DIPAC2003,  Mainz,  May  2003. 

[8]  R.  Bakker  et  al.  “First  beam  measurements  at  the  photo 
injector  test  facility  at  DESY  Zeuthen”,  Proc.  FEL2002, 
Argonne. 


2116 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


VELOCITY  BUNCHING  EXPERIMENT  AT  THE  NEPTUNE 

LABORATORY 


R  Musumeci,  R.  Yoder,  J.  B.  Rosenzweig 

Department  of  Physics  and  Astronomy,  University  of  California  at  Los  Angeles,  CA  90095,  USA 


Abstract 

In  this  paper  we  describe  the  rectilinear  compression  ex¬ 
periment  at  the  Neptune  photoinjector  at  UCLA.  The  elec¬ 
tron  bunches  have  been  shortened  to  sub-ps  pulse  length  by 
chirping  the  beam  energy  spectrum  in  a  short  S-band  high 
gradient  standing  wave  RF  cavity  and  then  letting  the  elec¬ 
trons  undergo  velocity  compression  in  the  following  rec¬ 
tilinear  drift.  Using  a  standard  Martin  Puplett  interferom¬ 
eter  to  characterize  coherent  transition  radiation  from  the 
beam,  we  measured  bunch  lengths  as  short  as  0.4  ps  with 
compression  ratio  in  excess  of  10  for  an  electron  beam  of  7 
MeV  energy  and  charge  up  to  300  pC. 

INTRODUCTION 

In  recent  years  electron  beam  users  have  increased  their 
demands  for  high  brightness  beams  in  short  sub-ps  pulses. 
These  beams  find  applications  in  the  advanced  accelerator 
community  for  injection  into  short  wavelength  high  gradi¬ 
ent  accelerators  [1],  or  as  plasma  wake-field  drivers,  and 
in  the  light  source  community  for  short  wavelength  SASE 
Free  Electron  Laser[2]  and  for  Thompson-scattering  gener¬ 
ation  of  short  X-ray  pulses  [3].  Recent  designs  of  systems 
capable  of  delivering  high  brightness  very  short  electron 
beams  include  the  use  of  conventional  photoinjectors  in 
conjunction  with  magnetic  compressors.  While  the  mag¬ 
netic  compression  scheme  has  been  proved  successful  in 
increasing  the  beam  current,  the  impact  on  the  phase  space 
has  been  shown  to  be  quite  dramatic  [4].  An  alternative 
scheme  that  could  preserve  the  phase  space  quality  while 
still  shortening  the  beam  to  sub-ps  bunch  length  has  been 
recently  proposed  as  an  injector  for  X-ray  Free  Electron 
Laser,  by  Serafini  and  Ferrario  [5].  This  scheme,  com¬ 
monly  known  as  "velocity  bunching"  is  an  elaboration  of 
the  old  idea  of  RF  rectilinear  compression  to  the  RF  pho¬ 
toinjector  system  [6].  The  idea  is  based  on  the  weak  syn¬ 
chrotron  motion  that  the  beam  undergoes  at  moderate  en¬ 
ergies  in  the  RF  wave  of  a  linac  accelerating  structure.  The 
compression  happens  in  a  rectilinear  section  so  that  the 
damage  suffered  by  going  through  bending  trajectories  is 
avoided.  A  main  ingredient  of  the  Serafini  and  Ferrario 
recipe  to  produce  high  brightness  sub-ps  electron  beam  is 
to  integrate  this  compression  section  in  the  emittance  com¬ 
pensation  scheme,  by  keeping  the  transverse  beam  size  un¬ 
der  control  through  solenoidal  magnetic  field  in  the  region 
where  the  bunch  is  compressing  and  the  electron  density  is 
increasing. 

A  small  variation  inside  this  framework  is  the  thin  lens 


ps 

Figure  1:  Results  of  Neptune  ballistic  compression  experi¬ 
ment 

version  of  velocity  bunching.  Here  the  synchrotron  mo¬ 
tion  of  the  electrons  inside  the  RF  structure  is  very  limited. 
There  is  almost  no  phase  advance  inside  the  longitudinal 
lens  and  all  the  bunching  happens  in  the  drift  following  the 
linac.  In  this  paper  we  describe  an  experimental  study  of 
the  above  configuration. 

EXPERIMENTAL  SETUP 

At  the  Neptune  laboratory  at  UCLA  [4]  a  4  ps  rms  long 
laser  pulse  hits  a  single  crystal  copper  cathode  inside  a  1.6 
cell  RF  gun.  The  photoelectrons  generated  are  then  accel¬ 
erated  by  the  RF  fields  and  go  through  the  emittance  com¬ 
pensation  solenoid.  At  this  point  the  beam  can  be  energy 
chirped  inside  a  6+2 1  cell  S-band  PWT  RF  cavity.  There  is 
the  capability  of  controlling  and  measuring  independently 
the  phases  of  the  two  accelerating  structures  allowing  us 
to  test  the  ballistic  bunching  scheme.  Downstream  of  the 
linac  an  aluminum  foil  can  be  inserted  and  the  transition 
radiation  generated  is  collected  by  a  parabolic  mirror  and 
reflected  to  a  Martin  Puplett  autocorrelator  for  pulse  length 
diagnostic  [7].  There  are  also  four  chicane  dipoles  along 
the  beamline  and  two  of  them  can  be  turned  on  in  a  45  de¬ 
grees  dipole  mode.  On  the  45  degrees  beam  line  there  is  a 
quadrupole  lens  and  a  Yag  screen  for  emittance  measure¬ 
ment  via  quad  scan. 

LONGITUDINAL  DYNAMICS 

Ballistic  bunching  can  be  viewed  just  as  a  thin  lens  ver¬ 
sion  of  the  more  general  velocity  compression  mechanism. 
In  this  configuration,  the  phase  advance  of  the  electrons  go¬ 
ing  through  the  longitudinal  lens  (the  PWT  linac)  is  few  RF 
degrees  and  all  the  compression  happens  in  the  following 
drift.  The  important  difference  with  the  long  RF-structure 
slow-wave  version  of  velocity  bunching  is  that  the  beam  is 
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Figure  2:  Phase  of  maximum  bunching  vs.  Linac  Acceler¬ 
ating  gradient 


extracted  very  close  to  the  zero  phase  of  the  RF  bucket  and 
the  RF  non-linearities  that  in  that  case  dominate  the  final 
bunch  length  are  greatly  reduced.  One  simple  way  to  un¬ 
derstand  the  ballistic  bunching  is  to  consider  the  time  of 
arrival  difference  for  particles  having  different  velocities. 
When  the  time  of  arrival  difference  compensates  the  dif¬ 
ference  in  the  longitudinal  position,  the  bunch  length  will 
be  minimum  and  that  is  the  maximum  compression  point. 
A  relation  between  the  parameters  of  ballistic  compression 
valid  to  first  order  neglecting  space  charge  and  phase  ad¬ 
vance  inside  the  PWT  Linac  can  be  written: 

_  ^linac  *  COS(0)  •  k  •  Az 

P®  “  iEaun  +  Eunac-Sm{(l>))3^  " 

where  L  is  the  distance  from  the  RF  structure,  Eunac  and 
Egun  are  the  energy  gain  of  the  PWT  linac  and  the  gun 
respectively,  k  is  the  RF  wavenumber  and  4>  is  the  Linac 
phase.  We  measured  the  pulse  length  in  the  frequency  do¬ 
main  by  Coherent  Transition  Radiation  interferometry.  For 
210  pC  of  charge  and  70  degrees  off  crest  in  the  PWT  cav¬ 
ity,  we  obtain  the  interferogram  shown  in  fig.l.  The  data 
analysis  yields  a  pulse  length  of  0.39  ps.  The  peak  cur¬ 
rent  of  the  bunched  beam  is  in  excess  of  500  Amps.  It  is 
worth  noticing  the  compressed  beam  is  shorter  than  what 
was  possible  to  get  with  magnetic  compression  for  compa¬ 
rable  beam  charge,  confirming  the  fact  that  in  this  case  a 
more  linear  part  of  the  RF  wave  is  sampled.  The  predic¬ 
tions  from  the  first  order  approximation  given  in  (1)  have 
been  experimentally  verified  by  measuring  the  compres¬ 
sion  phase  changing  the  energy  gradient  in  the  Linac  (fig. 
2).  The  RF-cavity  phase  can  be  measured  with  a  very  small 
error  by  mixing  the  RF  fields  inside  the  stmcture  with  a  ref¬ 
erence  RF-clock,  at  the  same  time  the  phase  for  maximiim 
compression  is  easily  determined  by  maximizing  the  Co¬ 
herence  Transition  Radiation  signal  on  the  bolometer  de¬ 
tectors.  The  agreement  with  the  analytical  formula  is  very 
good.  Note  that  there  is  an  important  cancellation  effect. 
As  we  decrease  the  energy  gradient  in  the  Linac,  the  beam 
is  getting  less  energetic  and  less  rigid  to  a  rotation  in  the 
longitudinal  phase  space  so  that  the  adjustment  of  the  phase 
to  maintain  the  compression  condition  is  minimal. 


Figure  3:  Emittance  growth  vs.  PWT  linac  phase.  Experi¬ 
mental  results  and  simulations 

TRANSVERSE  EMITTANCE 
MEASUREMENT 

For  optimal  compression  the  beam  runs  through  the  high 
gradient  stmcture  far  from  the  crest  of  the  RF  wave  so  that 
the  energy  spread  at  the  exit  of  the  Linac  is  very  large.  For 
example,  for  the  case  in  which  the  focus  of  the  longitudi¬ 
nal  lens  is  3  m  downstream  on  the  beamline,  the  RF  phase 
was  set  70  degrees  off  crest,  resulting  in  a  energy  spectmm 
extending  from  5  MeV  to  9  MeV.  This  is  a  limitation  to 
the  determination  of  the  transverse  projected  emittance  be¬ 
cause  the  energy  spread  translate  to  an  angle  spread  and 
will  appear  to  all  measurement  techniques  (that  are  trace 
space  measurements)  as  unphysical  transverse  emittance. 
On  the  other  hand,  the  energy  is  correlated  with  the  longi¬ 
tudinal  position  of  the  beam  and  with  a  small  window  of 
acceptance  in  energy,  a  longitudinal  slice  of  the  beam  can 
be  selected.  Experimentally,  we  used  the  45  degrees  dis¬ 
persing  bending  dipole  configuration  to  select  the  central 
beam  slice  over  which  a  vertical  quad  scan  emittance  mea¬ 
surement  was  performed.  We  measured  the  vertical  phase 
space  parameters  of  the  electron  beam  varying  the  phase  of 
the  linac  to  understand  the  effect  of  the  compression  on  the 
transverse  dynamics  of  the  beam. 

ANOMALOUS  VOLUME  COMPRESSION 

The  experimental  data  show  an  increase  in  emittance 
even  for  phases  for  which  the  beam  is  not  yet  fully  com¬ 
pressed.  To  completely  understand  this,  it  requires  a  deeper 
look  into  the  dynamics  of  a  chirped  beam  going  through  the 
bending  magnet  that  we  used  as  a  slice  selector  in  the  mea¬ 
surement.  For  the  vertical  phase  space,  the  bending  magnet 
is  in  fact  just  a  drift,  but  if  we  look  at  physical  beam  volume 
in  x-s  configuration  space,  we  observe  a  strong  compres¬ 
sion  if  the  beam  is  chirped  in  energy  with  particles  with 
higher  energy  being  in  the  tail  of  the  beam.  Note  that  a 
bending  magnet  has  a  negative  R56  so  that  the  compres¬ 
sion  is  anomalous.  The  sizes  of  the  projections  of  the  beam 
density  onto  the  curvilinear  longitudinal  axis  s  or  onto  the 
transverse  dimension  x  and  y  increase  as  the  beam  bends, 
but  the  three-dimensional  physical  volume  of  the  beam  gets 
smaller.  It  is  an  effect  that  is  ultimately  due  to  the  correla- 
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Figure  4:  Anomalous  compression  for  a  beam  chirped  by 
phasing  the  PWT  Linac  70  degrees  off  crest.  The  initial 
beam  sizes  at  the  entrance  of  the  dipole  magnetic  field  are 
Ox  =  2.8mm,  0*5  =  0.6mm.  The  minimum  volume  point 
is  12  cm  inside  the  magnet  and  the  compression  factor  is 
4.7. 

tions  in  the  configuration  space  introduced  by  the  bending 
magnet.  The  effect  of  this  electronic  density  spike  at  the 
cross-over  point  is  dramatic  for  the  electron  beam  quality 
especially  at  moderately  relativistic  energies  where  space 
charge  forces  are  dominating  the  dynamics  of  the  beam. 
A  similar  effect  was  observed  in  the  Neptune  magnetic 
compression  experiment,  where  configuration  space  mix¬ 
ing  was  the  origin  of  the  observed  emittance  growth  [4]. 

We  analyze  the  problem  of  a  chirped  beam  going  through 
a  bending  magnet  with  a  simple  linear  matrix  calculation 
to  illustrate  the  anomalous  compression  dynamics.  The  de¬ 
tails  of  the  calculation  are  given  elsewhere.  [9].  The  result 
is  that  neglecting  space  charge  forces  and  the  contribution 
of  the  transverse  emittance,  we  can  write  for  the  final  con¬ 
figuration  space  volume  the  following: 

(2) 

where  s  is  the  longitudinal  coordinate  along  the  beam  path, 
R  is  the  bending  radius  and  7  is  the  design  energy.  can 
be  written  as: 

^56  =  ^  +  sin  (f )  -  s  •  cos  (3) 

a  positive  quantity  increasing  with  distance  (in  the  ultrarel- 
ativistic  case,  s^),  and  Riq  is  the  usual  dispersion  func¬ 
tion,  also  an  increasing  function  of  the  distance  s.  The  vol¬ 
ume  at  the  beginning  of  the  bend  is  y/Oxx  •  <^ss’ 

If  the  beam  initially  has  a  negative  energy-position  cor¬ 
relation  {Oss  <  0),  somewhere  along  the  beam-path  the 
term  multiplying  Oxx  In  (2)  is  zeroed  and  the  volume  goes 
through  a  minimum  (fig.  4).  This  minimum  volume  point, 
the  anomalous  compression  point,  corresponds  to  the  posi¬ 
tion  along  the  beam  line  where  the  more  energetic  particles 
in  the  tail  of  the  beam  overtake  in  the  cartesian  coordi¬ 
nate  z  the  less  energetic  ones.  Not  only  the  space  charge 
effects  become  more  significant  because  of  an  absolute  in¬ 
crease  in  the  total  electron  density,  but  more  importantly 
this  increase  is  localized  to  a  region  in  the  physical  space 
in  which  a  crossover  happens.  This  implies  a  strong  electric 
field  gradient  inside  the  bunch  that  is  ultimately  the  cause 
for  the  quality  degradation. 


Full  three-dimensional  simulations  with  the  particle 
tracking  Lienard-Wiechert  potential  based  code  TREDI  [8] 
confirm  the  validity  of  the  linear  analysis  and,  in  fact,  the 
results  for  the  emittance  growth  match  quite  well  the  ex¬ 
perimental  data  (fig,  3). 

CONCLUSION 

The  Neptune  ballistic  bunching  experiment  demon¬ 
strated  the  efficiency  of  the  rectilinear  RF  compression.  A 
compression  ratio  in  excess  of  10  was  achieved  due  to  the 
strong  suppression  of  the  effect  of  the  RF-non  linearities. 
Experimental  investigation  of  the  transverse  phase  space 
quality  showed  emittance  degradation.  A  deeper  look  into 
the  beam  dynamics  shows  that  the  technique  used  to  se¬ 
lect  a  small  energy  spread  slice  affects  the  beam  quality  in 
a  serious  way.  A  first  order  linear  analysis  is  performed 
to  quantify  the  anomalous  beam  compression  of  a  chirped 
beam  going  through  bending  magnet.  Three-dimensional 
simulations  are  in  reasonable  agreement  with  the  experi¬ 
mental  data. 

The  Neptune  experiment  points  out  the  deleterious  ef¬ 
fect  of  crossovers  in  a  space  charge  dominated  beam  dy¬ 
namics,  but  because  of  the  lack  of  post-acceleration  we  can 
not  make  conclusive  statements  on  the  quality  of  a  beam 
compressed  with  a  velocity  bunching  scheme.  Future  ex¬ 
periments  are  needed  to  investigate  the  full  potential  of  the 
velocity  bunching  method  for  increasing  the  brightness  of 
photoinjector  beams,  and  the  use  of  the  magnetic  solenoids 
to  keep  the  beam  phase  spaces  under  control.  One  impor¬ 
tant  point  to  be  addressed  is  to  investigate  the  difference 
between  the  thin  lens  version  ’ballistic’  bunching  and  the 
long  version  of  the  rectilinear  compressor. 
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Abstract 

Integrated  photoinjectors  have  the  potential  to  provide 
compact,  low  cost,  high  brightness  electron  beams,  and  are 
attractive  for  scaling  to  frequencies  beyond  S-band.  Tra¬ 
ditionally,  they  have  been  built  as  standing- wave  devices. 
We  are  developing  a  novel  high-brightness  electron  source 
that  couples  a  two-cell  standing  wave  cavity  directly  to  a 
multi-cell  traveling-wave  structure.  This  configuration  of¬ 
fers  a  number  of  advantages  over  the  split  standing-wave 
systems,  most  notably  the  almost  complete  removal  of  the 
reflected  RF  transient,  and  the  absence  of  the  bunch  length¬ 
ening  that  occurs  in  the  drift  section  of  split  systems.  We 
will  discuss  these  and  other  advantages,  as  well  as  provide 
results  of  our  beam  dynamics  study. 

BACKGROUND 

The  last  fifteen  years  has  seen  a  revolution  in  the  produc¬ 
tion  of  high  brightness  electron  beams  due  to  the  evolution 
of  the  RF  photoinjector.  This  evolution  derives  its  genesis 
from  a  multi-disciplinary  approach  to  the  difficult  problems 
presented  to  the  understanding  of  the  behavior  of  a  elec¬ 
tron  beam  under  the  combined  influence  of  large  external 
applied  electromagnetic  fields  and  the  self-induced  space 
charge  fields.  Through  these  theoretical,  computational, 
and  experimental  investigations,  photoinjector  physics  has 
established  itself  at  the  confluence  of  a  large  number  of 
disciplines,  including  accelerator  beam  dynamics,  plasma 
physics,  large-scale  computational  physics,  surface  studies, 
high-field  RF  physics  and  laser  engineering.  The  manifest 
success  of  the  RF  photoinjector  is  a  testament  to  this  col¬ 
lective  understanding. 

The  most  prevalent  photoinjector  design  in  use  today 
employs  an  arrangement  of  two  accelerating  structures 
split  between  a  BNL/UCLA/SLAC-style  1.5/1. 6  cell  SW 
gun  [1]  and  a  post  accelerating  linac,  separated  by  a  «  10 
RF  wavelength  drift  section.  In  these  highly-optimized  de¬ 
signs,  the  operating  gradient  in  the  gun  is  in  excess  of  100 
MV/m.  While  extremely  successful  in  providing  ultra-high 
brightness  beams  for  diverse  applications,  the  split  systems 
offer  a  number  of  obstacles  in  the  path  of  the  further  evolu¬ 
tion  of  the  photoinjector.  First,  because  of  the  photoinjector 
scaling  laws,  there  is  significant  interest  in  the  photoinjec¬ 
tor  community  toward  scaling  existing  designs  to  frequen¬ 
cies  beyond  S-band.  However,  because  of  the  magnitude  of 
the  fields  in  the  split  system,  scaling  above  s-band  is  greatly 
limited  by  RF  breakdown.  Second,  all  split  systems  exhibit 
bunch  lengthening  due  to  the  presence  of  the  drift  section, 
which  itself  is  essential  for  proper  emittance  compensation. 

An  alternative  design,  less  popular  yet  perhaps  even 
more  successful,  is  exemplified  by  the  LANL  integrated  L- 


Figure  1:  The  first  few  cells  of  the  hybrid  photoinjector 
showing  the  emittance-compensating  solenoid  system. 

band  injector  or  the  UCLA/DULY  PWT  Photoinjector  [2], 
which  integrates  the  gun  and  the  linac  and  operates  at 
lower  overall  gradient.  While  these  systems  do  not  exhibit 
pulse  lengthening,  the  scaling  of  the  designs,  which  ini¬ 
tially  seems  promising  is  limited  by  the  inherent  difficul¬ 
ties  in  designing  long  SW  structures,  particularly  at  high 
frequencies.  As  a  result,  while  these  systems  are  compact, 
they  are  unable  to  provide  beams  with  energies  above  18 
MeV. 

In  order  to  circumvent  these  and  other  limitations  ex¬ 
isting  photoinjector  designs  we  have  studied  a  device 
which  we  call  the  “hybrid”  photoinjector,  whereby  a  rel¬ 
atively  high-gradient  two-cell  standing  wave  structure  is 
on-axis  coupled  directly  to  a  long  2  m)  27r/3  constant- 
impedance  traveling  wave  accelerating  section.  The  struc¬ 
ture  is  coupled  to  the  feed  guide  through  the  initial  TW 
coupling  cell.  The  first  few  cells  of  the  hybrid  photoinjec¬ 
tor  are  shown  in  Figure  1 .  This  design  offers  a  number  of 
advantages  over  both  split  and  integrated  existing  designs, 
namely: 

•  Higher  energies  and  better  efficiency  in  power  usage 
since  most  of  the  acceleration  takes  place  in  the  TW 
section. 

•  Overall  low  gradients  make  it  easier  to  hold  RF  volt¬ 
ages  in  cavities  and  improve  vacuum. 

•  Robust  accelerator  dynamics,  allowing  flexibility  in 
operating  energy  by  simply  changing  RF  power  and 
laser  injection  parameters. 

•  Flexible  emittance  compensation  beam  optics  because 
of  the  introduction  of  a  dual-coil  solenoid. 

•  Near  complete  removal  of  the  transient  RF  reflected 
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power  since  the  structure  is  coupled  to  through  the  low 
Q  TW  cell.  This  feature  is  extremely  important  for 
scaling  beyond  s-band,  where  high-power  isolators  are 
expensive  or  non-existent. 

•  Simplifies  the  high  power  RF  feed  system  required  by 
split  systems. 

•  Avoids  the  bunch  lengthening  observed  after  the  exit 
of  the  1.6  cell  gun  during  the  drift  in  a  split  system. 
The  slow  decrease  in  gradient  enhances  the  emittance 
compensation  process. 

•  Easier  to  fabricate,  tune  and  operate  than  an  integrated 
SW  system  of  equivalent  energy. 

DESIGN  OF  THE  DEVICE 

The  critical  RF  issue  for  the  hybrid  photoinjector  is  the 
design  of  the  input  coupling  cell.  The  input  cell  con¬ 
nects  both  TW  and  SW  sections  to  the  feed  guide,  and  so 
must  provide  an  impedance  match  to  two  different  struc¬ 
ture  impedances.  To  facilitate  the  coupler  design  process, 
we  derived  a  circuit  model  which  was  solved  numerically 
using  a  C  program.  The  circuit  model  allows  us  derive  a 
match  condition  by  varying  the  Q,  cell  resonant  frequency, 
and  cell-to-cell  coupling  strength.  To  derive  a  match  for 
the  input  cell,  we  first  constructed  a  matched  TW  structure 
with  no  coupling  to  the  SW  section,  and  then  slowly  in¬ 
creased  coupling  while  adjusting  the  input  cell  parameters 
to  maintain  a  matched  condition.  In  this  way  we  were  able 
to  rapidly  arrive  at  a  set  of  matched  coupler  parameters. 

The  circuit  model  was  also  used  to  investigate  the  tran¬ 
sient  behavior  of  the  device.  Because  the  input  coupling 
cell  has  a  relatively  low  Q  value  600),  the  large  ini¬ 
tial  reflected  transient  seen  in  SW  structures  such  as  the 
1.6  cell  gun,  is  suppressed  in  the  hybrid  structure.  Circuit 
model  results  verified  this  characteristic.  As  a  further  check 
on  these  results,  we  used  the  time-domain  finite-difference 
electromagnetic  solver  GdfidL  [3].  Results  from  GdfidL 
qualitatively  agreed  with  our  circuit  model. 

For  the  design  of  the  TW  section  we  have  chosen  a  long, 
2  m,  TW  structure  run  at  a  nominal  average  gradi¬ 
ent  of  eEave  =  13.5  MV/m.  For  an  optimized  constant- 
impedance  structure,  this  implies  a  power  usage  of  roughly 
17  MW.  With  an  additional  3  MW  for  powering  the  1 .6  cell 
S  W  gun  component  of  the  structure,  the  total  power  needed 
is  23  MW,  which  is  well  within  the  reach  of  commercial  S- 
band  klystrons  (i30  MW  standard).  The  3  MW  1.6  cell 
power  budget  is  chosen  to  yield  a  peak  acceleration  gradi¬ 
ent  on  the  cathode  of  Eq  =  70  MV/m  (a  =  1.1),  which 
places  notably  higher  in  gradient  than  a  SW  integrated  in¬ 
jector.  This  is  again  allowed  by  the  separation  of  gradient 
levels  allowed  in  the  hybrid  structure,  as  this  higher  gradi¬ 
ent  is  confined  to  a  veiy  small  part  of  the  stmcture.  Initial 
explorations  of  the  beam  dynamics  with  even  higher  gradi¬ 
ents  in  the  1 .6  cell  part  of  the  hybrid  have  yielded  promising 
results,  as  is  discussed  below.  The  issue  of  allowable  differ¬ 
ence  between  the  acceleration  gradients  in  the  1.6  cell  SW 
portion  and  the  TW  portion  of  the  structure  is  of  course  a 
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Figure  2:  PARMELA  results  for  the  evolution  of  the  trans¬ 
verse  normalized  rms  emittance  in  hybrid  injector.  Effects 
of  collimation  (1.2  mm  radius  tube)  of  beam  edge  shown. 

subject  which  ties  the  RF  design  to  the  beam  dynamics. 

BEAM  DYNAMICS 

Studies  of  the  beam  dynamics  in  the  injector  were 
performed  with  UCLA  PARMELA,  multi-particle  space- 
charge  tracking  code,  as  well  as  HOMDYN,  a  code  which 
solves  for  the  dynamics  of  the  beam  envelopes  of  the  bunch 
associated  with  a  large  number  of  beam  “slices”.  This 
slice-envelope  model  is  indeed  quite  accurate  in  identifying 
the  basic  characteristics  of  a  photoinjector  working  point, 
and  is  much  faster  than  PARMELA.  Once  the  working 
point  is  established  with  HOMDYN,  one  may  proceed  con¬ 
fidently  to  more  detailed  investigations  with  PARMELA. 
The  field  maps  used  in  these  dynamics  simulations  were 
obtained  from  magnetostatic  POISSON  and  electromag¬ 
netic  SUPERFISH  modeling. 

The  higher  gradient  S  W  acceleration  produces  an  energy 
of  around  3.5  MeV,  while  the  long  TW  section  then  brings 
the  beam  up  to  around  30.6  MeV  (7  —  60).  There  is  flex¬ 
ibility  in  choice  of  the  final  accelerating  phase  in  the  TW 
section,  by  adjusting  the  initial  launch  phase.  This  is  akin 
to  the  case  of  the  integrated  injector,  but  unlike  the  split 
injector,  where  a  large  penalty  is  paid  in  induced  “RF  emit¬ 
tance”  when  one  exits  the  gun  at  the  incorrect  phase.  The 
choice  of  phasing  allows  tuning  of  the  final  longitudinal 
phase  space  for  a  given  application,  and  enables  operation 
at  different  RF  field  levels.  The  longitudinal  beam  evolu¬ 
tion  is  noteworthy  in  that  there  is  negligible  bunch  length¬ 
ening  after  the  SW  part  of  the  structure.  This  allows  the 
final  bunch  length  to  be  10%  shorter  than  a  standard  1  nC 
case  with  the  split  photoinjector.  As  peak  current  is  even 
more  important  than  emittance  is  many  applications  (e.g. 
Wakefield  acceleration  driver,  Thomson  scattering),  this  is 
a  significant  advantage  over  existing  devices. 

The  rms  normalized  emittance  evolution  for  the  nomi¬ 
nal  working  point  is  displayed  in  Figure  2.  The  emittance 
compensates  to  a  full  value  of  1.75  mm-mrad.  This  value 
is  dominated  by  the  tails,  however,  as  collimation  of  only 
0.17%  of  the  beam  charge  lowers  the  emittance  by  a  no- 
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Figure  3:  Final  horizontal  phase  space,  and  transverse 
configuration  space  emitted  from  hybrid  injector  given  by 
PARMELA 

ticeable  amount.  Inspection  of  the  transverse  (horizontal) 
phase  space,  and  configuration  space  shown  in  Figure  3  il¬ 
lustrates  the  reason  for  this  sensitivity,  as  a  fairly  exten¬ 
sive  halo  which  contains  a  very  small  amount  of  the  beam 
charge  surrounds  the  dense  core  of  the  beam.  This  halo 
exists  mainly  in  the  leading  and  trailing  edge  of  the  beam, 
where  the  beam  slices  do  not  come  to  a  space-charge  dom¬ 
inated  waist.  These  components  of  the  beam  are  typically 
ignored  in  applications,  and  in  fact  may  be  effectively  col¬ 
limated. 


CONCLUSION 

We  have  designed  a  hybrid  SW  to  TW  integrated  pho¬ 
toinjector  that  shows  significant  promise  for  a  compact,  ef¬ 
ficient  30  MeV  source  of  high-brightness  electrons.  In  fur¬ 
ther  stages  of  this  work  we  plan  to  further  explore  RF  opti¬ 
mizations,  particularly  shaping  of  the  peak  field  profiles  in 
the  TW  section  in  order  to  optimize  the  results  of  our  initial 
beam  dynamics  study.  We  also  plan  to  perform  a  rigorous 
thermal  and  mechanical  analysis  before  finally  fabricating 
a  prototype,  which  will  be  commissioned  at  the  UCLA  PE¬ 
GASUS  Laboratory. 
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Abstract 

Two  types  of  dipole  magnets  were  simulated  and 
designed  for  the  Thomas  Jefferson  National  Accelerator 
Facility  FEL  upgrade.  The  magnets  are  to  operate  in 
series  with  a  common  power  supply,  and  to  provide 
^0.01%  accuracy  of  the  field  amplitude  and  field  integral 
over  a  large  aperture.  The  wedged  magnets  have  quite 
different  angles  and  effective  length-to-aperture  aspect 
ratios.  The  most  difficult  design  problem  was  to  provide 
high  field  quality  in  the  magnet  having  a  small  aspect 
ratio  ~2.7  and  a  20°  wedge  angle.  A  design  was 
developed  which  enabled  small  adjustments  to  be  made 
before  and  after  installation  of  the  magnets.  Trim  coils, 
shims,  and  side  sliders  in  the  field  clamps  were 
introduced  to  compensate  field  gradients,  non¬ 
uniformities,  and  parasitic  fringe  field  effects.  A  number 
of  design  and  adjustment  issues  are  discussed. 

INTRODUCTION 

The  upgrade  project  of  a  CW  1-kW  infrared  free- 
electron  laser  at  the  Thomas  Jefferson  National 
Accelerator  Facility  (JLab)  [1]  aims  to  produce  higher 
power  IR  and  shorter  wavelength  radiation,  and  includes 
two  families  of  new  extraction/injection  dipole  focusing 
magnets  of  different  geometries  (see  Table  1). 


Table  1 .  Specifications  of  GU  and  GV  dipole  magnets 


GU 

GV 

Maximum  beam  energy  E,  MeV 

160 

11 

Wedge  angle  a,  degrees 

4.87 

20 

Bend  radius  R,  m 

9.6 

0.6 

Maximum  induction  B,  Tesla 

0.0612 

0.0612 

Effective  length  L,  mm 

435 

208 

Vertical  magnetic  gap  G,  mm 

76.2 

>76.2 

Horizon,  good  field  region,  mm 

>76.2 

>76.2 

Field  non-uniformity  AB/B  along 
the  horizon.  Line  of  symmetry),  % 

±0.01 

±0.01 

Field  integral  non-uniformity  over 
good  field  region  AIB/IB,  % 

±0.01 

±0.01 

The  need  for  high  field  quality  (^10"^)  is  driven  by  the 
requirement  to  suppress  two  main  spurious  effects: 
steering  and  focusing.  Both  are  important  for  transport  of 
a  low-emittance  beam  having  a  large  spot  size  and  a  halo 
(at  maximum  power).  Compact  design  of  the  beam  lattice 
requires  usage  of  field  clamps  limiting  the  extent  of  the 
stray  fields.  An  additional,  important  requirement  is 
minimization  of  beam  quality  degradation  caused  by  AC 
ripples.  It  implies  the  same  current  in  both  magnets. 


which  are  connected  in  series  with  a  common  power 
supply.  Field  non-uniformity  is  considered  at  the  vertical 
plane  of  symmetry.  Non-uniformity  of  the  field  integral  is 
defined  as  the  relative  deviation  with  respect  to  an  ideal 
model  having  the  same  effective  length,  wedge  angle  and 
uniform  field  B  over  the  hard-edge  trapezoidal  volume. 
Field  integral  is  defined  along  a  straight  line  (theoretically 
for  infinite  particle  energy)  tangent  to  the  beam  centroid 
trajectory. 

A  3D  code  Radia  [2]  was  used  in  design  simulations. 
In  both  models  of  the  GU  and  GV  magnets,  equal  angular 
dimension  of  each  trapezoidal  sub-segment  was  chosen  in 
a  fine  mesh  (up  to  1  GB  of  RAM).  Post-processing 
included  trajectory  analysis  with  calculation  of  end-field 
roll-off  integral  Ki  as  defined  in  ref  [5],  and  focal  length 
F. 

GU  MAGNET  DESIGN 

The  GU  magnet  differs  from  an  earlier  prototype  [3] 
in  its  wedged  shape  and  field  clamps.  Some  new  design 
elements  are  the  use  of  a  Purcell  gap,  field  clamps  with 
adjustable  longitudinal  position,  and  non-magnetic  gap. 
The  Purcell  gap  consists  of  two  thin  layers:  non-magnetic 
material  and  material  with  extremely  high  permeability  up 
to  500,000  (see,  e.g.,  CO-NETIC  AA  [4]).  It  was  applied 
effectively  for  larger  rectangular  magnets  with  measured 
field  flattening  effect  better  than  5  times  [5]. 


Figure  1 :  Radia  schematic  view  of  the  GU  magnet. 

3D  Radia  modeling  initially  revealed  significant 
numerical  instability  and  slow  convergence.  These  severe 
issues  were  caused  by  a  high  aspect  ratio  of  the  p-metal 
plate  (-250)  with  extremely  high  permeability.  The 
problem  was  solved  with  a  procedure  of  multi-parametric 
optimization  of  subdivision  of  the  main  objects. 

During  minimization  of  the  field  inhomogeneity  we 
defined  optimal  dimensions  of  the  p-metal  plate  and  field 
clamp  configuration.  The  wave-like  behavior  of  the  field 
quality  shown  in  Fig.  2  reflects  in  part  the  numerical 
effect  of  residual  relaxation  related  to  the  large  interaction 
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matrix  having  many  nearly  equal  elements.  With  some 
combinations  of  the  segmentation  parameters  and  number 
of  elements,  the  curves  can  be  smoothed.  Fig.  3  illustrates 
the  sensitivity  to  the  horizontal  displacement  of  the 
clamps  with  respect  to  vertical  plane  of  symmetry. 


Figure  2:  Relative  deviation  of  the  field  integral  (solid 
curve)  and  field  (dashed)  for  the  GU  magnet. 


Figure  3:  Sensitivity  of  the  field  (solid  curve)  and 
effective  length  (dashed)  to  symmetric  shift  of  the  clamps 
for  the  GU  magnet. 


GV  MAGNET  DESIGN 

In  designing  the  GV  magnet  two  additional  issues  were 
addressed:  suppression  of  the  field  gradient  caused  by  a 
large  wedge  angle,  and  achievement  of  die  parameters 
specified  in  Table  1  along  with  the  same  value  of  current 
found  for  GU  magnet  (2.1  kA).  Unlike  most 
conventional  magnets,  the  GV  magnet  has  a  shorter 
length  (with  respect  to  the  transverse  gap)  and  a  bigger 
wedge  angle.  It  causes  large  non-uniformity  of  both  the 
field  and  field  integral,  exceeding  the  nominal  by  more 
than  one  order.  Also,  unlike  GU  and  other  magnet  designs 
[3,5,6],  the  Purcell  gap  turned  out  to  be  ineffective:  the 
GV  magnet  is  dominated  by  3D  effects  of  non-uniform 
fnnge-field  at  shorter  lengths.  The  sensitivity  of  the 
effective  length  of  the  GV  magnet  to  the  shift  of  the  field 
clamps  is  almost  twice  as  high  as  that  for  the  GU  magnet. 


Figure  4:  Schematic  view  of  the  GV  magnetic  design. 

To  provide  field  homogeneity  in  the  GV  design  (see 
Fig.  4),  three  sets  of  additional  elements  were  introduced. 
Trim  coils  on  each  of  the  return  legs  of  the  yoke  suppress 
the  field  gradient.  The  coils  on  the  opposite  legs  have  the 
same  current  to  provide  increased  magnetic  flux  for  the 
smaller  leg  and  decreased  flux  for  the  bigger  one.  Side 
sliders  at  the  clamps  provide  adjustability  of  the  field 
integral  profile  with  tunable  magnetic  shortcut  at  the 
periphery  of  the  window-framed  aperture  in  the  clamps. 
Finally,  a  set  of  shims,  Le.  small  pieces  of  p.-metal,  are 
placed  along  the  median  line  between  the  internal  surface 
of  horizontal  clamps  and  the  conductor.  Thus  trim  coils 
provide  the  first-order  (gradient)  compensation  of  the 
field  and  field  integral,  [i-metal  pieces  provide  the 
second-order  compensation,  and  side  sliders  provide  non¬ 
linear  corrections  for  the  field  integral.  In  the  mechanical 
design  of  the  GU  and  GV  magnets,  we  introduced  an 
additional  degree  of  freedom  enabling  compensation  of 
the  remnant  slope  of  the  field  integral  by  a  small  angular 
shift  of  the  clamps  with  respect  to  the  yoke. 

To  provide  the  field  required  with  the  same  current  as 
it  was  computed  for  the  GU  magnet,  we  found 
numerically  the  optimized  value  of  an  enlarged  vertical 
magnetic  gap,  along  with  other  parameters  of  this  final 
design.  The  GV  magnet  field  quality  in  the  median  plane 
is  depicted  in  Fig.  5. 


Return Distance  {In)  Narrav 

ReitmLeg 

Figure  5:  Relative  deviation  of  the  field  (solid  curve)  and 
field  integral  (dashed)  for  the  GV  magnet. 
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Table  2:  a)  Computed  sensitivities  of  the  GV  magnet  parameters  to  the  main  adjustments 


IGB-RAM  Model  with  different  conductor  configuration 

Not 

smoothed 

Smoothed 

Effective  length  to  the  symmetrical  shift  of  all  clamps  along  the  trajectory, 

0.295 

0.271 

Relative  gradient  of  the  field  related  to  the  relative  trim  coil  current,  AB  /(Ax5J/A/^„,„  / , 
averaged  over  central  part  of  the  good  area,  (%/m) 

59 

67.2 

Gradient  of  relative  field  Integral  to  the  angular  position  of  the  field  clamp, 
[a  l{AxB^L^ff)\lA(p^,^,„p  >  averaged  over  the  linearized  part  of  good  area,  (%/m-mrad) 

0.098 

0.13 

b)  Computed  optimal  adjustments  to  provide  specification  parameters 


Overlap  of  horiz.  part  of  the  field  clamp  with  the  body  magnet  along  the  central  axis, 
(inches) 

1.21-1.22 

1.23-1.24 

Trim  coil  current  related  to  the  main  current,  //^ ,  (%) 

4,99-5.1 

4.9-5. 1 

Angular  clamp  position,  (mrad) 

-7.36 

-5.1-2,77 

Shift  of  wider-side  slider  towards  the  axis  (from  the  nominal  in  mechanical  drawings), 
(mm) 

0-5 

0 

We  studied  the  sensitivity  of  the  main  magnet 
parameters  to  the  aforementioned  tuning  means.  The 
results  of  this  study  are  given  in  the  Table  2  and 
implemented  in  the  tolerances  of  the  mechanical  design. 
We  noticed  also  a  high  sensitivity  to  the  shape  of  the  bent 
conductor  parts  (twisted  arc-arc  and  bar-arc 
conjimctions). 

CONCLUSION 

Extensive  studies  of  magnetic  design  demonstrated 
feasibility  of  the  specified  requirements.  On  the  basis  of 
these  results,  mechanical  design  of  both  magnets  was 
made.  The  GU  and  GV  magnets  were  manufactured  and 
tested  at  Jlab  GV  magnet  field  measurements 
demonstrated  ±0.01%  deviation  for  the  field,  and  ±0.02% 
for  the  field  integral  [7]  over  the  good  area.  Note,  only 
trim  coils  were  used  to  adjust  the  field.  In  the  real  design, 
the  field  amplitude,  field  uniformity,  and  the  effective 
length  are  affected  by  holes  (for  bolts,  alignment  pins, 
etc.)  in  the  yoke  and  clamps,  real  shape  of  the  main  coil 
(especially  conductor  conjunctions),  geometric  tolerances 
and  imperfections  of  magnetic  materials.  These  features 
cannot  be  reproduced  accurately  in  the  numerical  model, 
which  has  inherent  numerical  inaccuracy  as  well. 

The  key  underlying  concept  of  the  cost-saving  design 
of  the  GU  and  GV  magnets  is  to  provide  flexibility  with  a 
number  of  adjustable  elements.  These  elements  include: 
field  clamp  longitudinal  and  angular  positions,  non¬ 
magnetic  gap  in  the  field  clamps  (GU  only),  side  sliders 
in  the  clamps  and  ^-metal  shims  (GV  only),  trim  coils  and 
their  adjustable  current  (GV  only),  and  an  adjustable 
common  power  supply. 

The  field  and  current  differences  between  the  GU  and 
GV  magnets  can  easily  be  compensated  with  a  low- 


current  (--a  few  Amperes),  variable  shunting  resistors 
connected  in  parallel  to  main  coils  of  the  magnets. 
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Abstract 

Conventional  if  guns  such  as  the  BNL/SLAC/UCLA 
1. 6-cell  gun  require  a  high  operating  peak  field  typically 
above  120  MV/m.  By  contrast,  the  PWT  gun  can  operate 
at  a  much  lower  peak  field  with  excellent  beam 
properties.  A  10+2(l/2)-cell  PWT  photoinjector  can 
achieve  an  emittance  of  0.56  mm-mrad  for  a  1  nC  bunch 
charge  at  a  peak  field  of  55  MV/m;  and  1.04  mm-mrad  for 
2  nC  at  60  MV/m.  By  operating  the  PWT  gun  at  a  low 
peak  field,  dark  current  production  from  back 
bombardment  of  electrons  emitted  elsewhere  in  the  rf 
cavity  is  mitigated  as  the  number  of  electrons  which  could 
back  stream  to  hit  the  photocathode  and  the  cathode 
holder  is  significantly  curtailed.  The  quantum  efficiency 
and  lifetime  of  a  semiconductor  photocathode,  such  as 
GaAs  are  significantly  improved  if  the  surface  of  the 
cathode  is  subjected  to  a  lower  peak  field 

PWT  PHOTOINJECTOR 

A  compact,  10-30  MeV,  photoelectron  linac  using  the 
Plane  Wave  Transformer  (PWT)  design  (Figure  1)  has 
been  under  development  at  DULY  Research  [1]  for  wide- 
ranging  applications  in  research,  medicine  and  industry. 
The  PWT  photoinjector  integrates  a  photocathode  directly 
into  a  multicell,  standing-wave,  7t-mode  linac,  in  which 
the  open  cells  in  a  large  vacuum  tank  are  strongly 
coupled. 


Figure  1:  Schematic  of  a  PWT  photoinjector. 

The  beam  is  focused  with  emittance  compensating 
solenoids  or  permanent  magnets,  and  achieves  high 
current  with  low  emittance,  producing  extremely  high 
brightness. 

An  S-band  PWT  prototype  was  fabricated  by  DULY 
Research  and  installed  at  UCLA  [1].  A  higher  frequency 
(X-band)  version  of  the  PWT  would  produce  an  even 
brighter  beam.  In  a  current  DULY/SLAC  collaboration, 
an  S-band  PWT  gun  is  being  developed  into  a  polarized  rf 
gun  capable  of  high  vacuum  in  the  10‘‘^  Torr  range  to 
support  a  long  GaAs  cathode  life  and  a  high  quantum 
efficiency  [2]. 

*  Work  supported  by  DOE  SBIR  grant  no.  DE-FG0398ER82566. 


With  an  integrated  photocathode,  the  PWT  has  a  simple 
system  design  which  eliminates  a  separate  accelerating 
section  with  the  associated  focusing  optics  and  additional 
rf  feeds  as  required  by  a  conventional  1.6-cell  gun  in 
order  to  achieve  the  same  energy  gain.  In  addition,  the 
defocusing  kick  which  the  beam  receives  at  the  exit  of  the 
last  cell  occurs  at  a  significantly  higher  energy  than  for  a 
L6-cell  gun,  resulting  in  less  emittance  growth. 

EMITTANCE  CALCULATIONS 

We  have  performed  improved,  detailed  beam  dynamics 
simulations  of  the  PWT  photoinjector  using  the  Los 
Alamos  gun  code  PARMELA,  Version  3.  With  refined 
space  charge  mesh  and  careful  optimization,  the 
performance  of  the  PWT  gun  was  evaluated  for  three 
illustrative  cases.  Optimized  results  of  the  simulations  are 
shown  in  Table  1,  and  in  Figure  2. 


Tablel:  Parameters  of  0.1  nC,  1  nC  and  2  nC  operations. 


Charge  per  Bunch  (nC) 

0.1 

1.0  1  2.0 

Frequency  (MHz) 

2856 

Energy  (MeV) 

8 

17 

17.5 

Normalized  RMS  Emittance 
(mm-mrad,  no  thermal  emit.) 

0.36 

0.56 

1.04 

Energy  Spread  (%) 

1.4 

1.0 

1.3 

Bunch  Length  (rms,  ps) 

2.2 

3,6 

3.2 

Peak  Current  (A) 

13 

80 

180 

Linac  Length  (cm) 

58 

Beam  Size  (rms,  mm) 

1.2 

.85 

1,62 

Peak  Magnetic  Field  (Gauss) 

875 

1694 

1620 

Peak  Electric  Field  (MV/m) 

27 

55 

60 

Peak  Brightness  (10“*  khxfC 
rad^) 

2.0 

5.1 

3.3 

For  a  given  charge  per  bunch,  the  initial  beam  size  and 
bunch  length  (both  flat  top)  are  varied  for  each  case  and 
are  optimized  for  space  charge  minimization.  For  a  given 
peak. field,  the  initial  injection  phase  and  the  solenoidal 
field  are  adjusted  to  give  the  lowest  normalized  transverse 
emittance.  A  low  field  of  27  MV/m  is  sufficient  for 
acceleration  of  a  low  emittance  beam  with  a  charge  of  0.1 
nC  (see  Table  1).  The  1-nC  case  uses  a  peak  field  of  55 
MV/m,  and  represents  a  typical  FEL  injector  (Figure  2). 
The  2-nC  case  uses  a  peak  field  of  60  MV/m,  and 
represents  an  injector  under  NLC-like  conditions. 

Shown  in  Table  1  are  the  calculated  normalized 
emittance  of  0.56  mm-mrad  (1  nC)  and  1.04  mm-mrad  (2 
nC),  which  are  lower  than  earlier  simulation  results  [1]. 
Thermal  emittance  is  not  included.  From  Figure  2,  it  is 
interesting  to  note  that  the  energy  spread  and  bunch  length 
decrease  with  drift  distance.  It  appears  that  a  negative 
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chirp  is  introduced  by  the  gun,  in  this  case  allowing  for 
longitudinal  focusing  of  the  bunch.  In  all  cases,  the  beam 
brightness,  defined  as  twice  the  peak  current  divided  by 
the  transverse  emittance  squared,  well  exceeds  10^"^  A/(m- 
rad)2.  From  Table  1  and  Figure  2,  it  is  clear  that  the 
integrated  PWT  design  produces  excellent  beam  quality 
over  a  wide  range  of  input  parameters. 


Transverse  Beam  Size  Transverse  Emittance 


Figure  2:  PWT  beam  parameters  for  1  nC  bunch  charge. 

Figure  2  indicates  that  the  transverse  emittance  and 
beam  size  go  through  their  respective  minima  and  then 
grow  as  the  beam  continues  on  after  leaving  the  PWT. 
This  is  a  result  of  the  energy  (about  17  MeV)  not  being 
high  enough  to  overcome  space  charge  effects.  The  beam 
must  be  matched  into  an  additional  accelerator.  The 
standard  way  to  do  this  with  a  1.6-cell  gun  is  to  position 
the  input  of  the  accelerator  at  a  laminar  beam  waist.  The 
emittance  will  then  be  preserved  if  the  proper  accelerating 
gradient  is  chosen.  Two  solutions  have  been  found  with 
1.6-cell  guns  for  achieving  an  emittance  minimum  after 
acceleration.  The  first  is  to  adjust  the  gun  solenoid  so  the 
waist  coincides  with  the  emittance  minimum  without  the 
accelerator.  Utilizing  the  fact  that  the  emittance  undergoes 
a  plasma  oscillation,  the  second  solution  is  to  adjust  the 
solenoid  so  that  the  waist  coincides  with  the  immediately 
following  emittance  maximum.  These  strategies  can  also 
be  applied  to  the  PWT. 

A  peak  field  of  55  MV/m  in  an  S-band  PWT  gun  is 
considerably  lower  than  an  operating  peak  field  of  120- 
140  MV/m  in  a  conventional  1.6-ceIl  gun.  The  lower 
peak  field  at  the  photocathode  is  particularly  beneficial  for 
the  survivability  of  an  activated  GaAs  cathode  in  a 
polarized  rf  gun,  and  also,  as  we  shall  see  below,  for 


mitigation  of  dark  current  and  electrical  breakdown  due  to 
field  emission  and  electron  back  bombardment. 

For  comparison  with  the  1.6-cell  gun  [3],  we  also 
calculated  the  tranverse  emittance  for  a  PWT  gun  in 
which  the  length  of  the  first  cell  is  0,625  of  a  normal  cell 
of  a  half  wavelength,  instead  of  a  0.5  cell  as  in  the  present 
design.  Figure  3  shows  the  normalized  transverse 
emittance  versus  magnetic  field  (varying  the  injection 
phase  at  a  given  peak  field)  for  these  two  cases. 


2- 

O  1  A  . 

*  '  ^  ‘  ^ *  ;  ' ' 

V  -  - 

5  1.6 

c 

1 

e  ■a 

^  "  'j. '  jtT. ; "X" 

TT— ^  ^ 

O 

C  0,6  • 

s 

. «»  .  - . '  .  ^  '  ”  ''.'t  -  ^ 

-  o  '  O  f  "O  \  "'ri*  '  'i  * 

,  ®floP  ■  Oo»x;  ' 

0.2 

0 

14 

. ^ 'Jy ’’  ^ 

60  1650  1850  2050  2250  2450  2650  2850  3060 

Magnetic  Field  (Gauss)  [ «  0.625  ceo  0  0.5  cei  | 

Figure  3:  Emittance  vs  magnetic  field  for  1  nC  bunch. 
The  solid  diamonds  are  for  a  0.625  first  cell  at  a  peak  field 
of  60,  80,  100,  120,  140  and  160  MV/m,  and  the  open 
circles  are  for  a  0.5  first  cell  at  45,  55,  73,  91,  109,  127 
and  145  MV/m. 

The  simulations  show  that  an  S-band,  7c-mode, 
integrated  PWT  photoinjector  with  the  first  cavity  of  0.5 
cell  is  better  than  the  first  cavity  of  0.625  cell.  They  both 
can  achieve  very  low  emittance.  But  performance  is 
different  for  these  two  cases.  For  the  0.5  cell  case,  the 
normalized  transverse  emittance  is  1.08  mm-mrad  at  45 
MV/m  (Bz  =1.5  kG).  It  decreases  to  0.56  mm-mrad  as 
the  peak  field  increases  to  55  MV/m  (Bz  =1.7  kG).  From 
73  to  145  MV/m,  the  emittance  stays  very  close  to  0.4 
mm-mrad.  For  the  0.625  cell  case,  the  emittance 
decreases  as  the  field  gradient  increases,  but  always 
remains  higher  than  the  0.5  cell  case.  The  normalized 
transverse  emittance  is  1.6  mm-mrad  at  60  MV/m  (Bz  = 
1.8  kG)  and  is  0.63  mm-mrad  at  160  MV/m  (Bz  =  3.0 
kG).  Unlike  the  BNL/SLAC/UCLA  1.6-cell  gun,  the 
PWT  electron  beam  is  only  minimally  affected  by  the  exit 
rf  kick. 

ELECTRON  BACKBOMBARDMENT 
SIMULATIONS 

Electron  Backstreaming  from  the  PWT  Iris  to 
the  Photocathode 

A  GaAs  photocathode  is  prone  to  dark  current  emission 
when  bombarded  by  electrons  or  ions.  Since  electrons 
have  a  smaller  mass  and  are  hence  more  mobile,  field- 
emitted  electrons  in  the  rf  cavity  can  potentially  reach  the 
cathode,  damaging  the  activated  layer.  We  have 
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performed  PARMELA  simulations  to  assess  the  effects  of 
electron  backstreaming  from  the  first  PWT  iris  to  the 
photocathode.  A  thin  ring  electron  bunch,  initially  with 
essentially  zero  velocity,  is  placed  at  a  given  location  on 
the  surface  of  the  iris.  The  model  includes  a  drift  tube  at 
the  center  of  the  endplate.  The  aperture  of  the  drift  tube  is 
chosen  to  be  that  of  the  photocathode  and  its  support  plug 
(0.5  inch).  Field  emitted  electrons  move  under  the  rf  field 
and  external  magnetic  field  of  the  PWT.  The  number  of 
electrons  which  can  reach  the  photocathode  depends  on 
the  initial  location  of  the  ring  bunch,  the  rf  phase  and  the 
peak  rf  field.  At  certain  locations  the  rf  field  on  the  PWT 
iris  surface  may  be  as  high  as  1.17  times  the  maximum 
peak  field  on  axis.  The  maximum  number  of  electrons 
that  can  reach  the  cathode  occurs  at  such  locations  when 
the  rf  field  magnitude  exceeds  a  threshold  value  and  when 
the  initial  rf  phase  at  the  iris  at  the  time  the  electrons  are 
emitted  is  near  zero.  Figure  4  shows  the  dependence  of 
the  field  threshold  on  the  iris  location  at  which  electrons 
are  emitted.  Figure  5b  is  an  example  of  snapshots  of 
electrons  emitted  from  the  surface  of  the  first  iris  and 
backstream  toward  the  cathode  plane  under  the  rf  and 
magnetic  fields  in  the  PWT.  No  electrons  would  reach  the 
cathode  below  the  field  threshold.  The  beneficial  effect 
of  operating  the  PWT  at  a  lower  peak  field  (55  MV/m) 
than  conventional  rf  guns  (>120  MV/m)  is  evident  from 
Figure  4. 


Figure  4:  Threshold  peak  field  for  electrons  emitted  from 
the  first  PWT  iris  reaching  the  cathode  surface.  The  insert 
shows  the  iris  geometry. 

In  the  PWT  gun,  backstreaming  electrons  emitted  at  an 
initial  rf  phase  of  90°  fi*om  the  first  iris  never  reach  the 
cathode  at  a  peak  field  (on  axis)  of  55  MV/m;  and  at  an 
initial  phase  of  0°,  only  a  small  fraction  of  the  electrons 
would  reach  the  cathode.  By  contrast  if  the  gun  were  to 
operate  at  a  peak  field  (120MV/m)  comparable  to  that  in  a 
conventional,  BNL-type,  1.6-cell  gun,  then  a  large 
number  of  electrons  emitted  from  the  iris  surface  would 
hit  the  cathode.  Since  field  emission  is  likely  to  be  most 
abundant  when  the  surface  field  is  at  its  maximum  (i.e. 
90°  rf  phase);  by  operating  the  PWT  at  a  peak  field  much 
lower  than  conventional  rf  guns,  it  is  expected  that  dark 
current  emission  from  the  GaAs  and  its  support  structure 
would  be  considerably  mitigated. 


Back  Bombardment  of  Electrons  Emitted  from 
the  Cathode  Holder 


Another  PARMELA  simulation  was  performed  to 
evaluate  the  possible  back  bombardment  of  electrons 
which  were  first  emitted  near  the  PWT  end  plate  and 
cathode  support.  The  model  puts  a  ring  of  electrons 
initially  around  the  cathode  and  tracks  their  trajectories 
under  the  rf  field  and  the  solenoidal  field.  At  a 
sufficiently  high  peak  electric  field  around  15  MV/m  or 
higher,  all  electrons  emitted  near  the  cathode  would  either 
go  through  the  first  iris  or  hit  the  disk  (see  Figure  5a).  At 
very  low  peak  fields  electrons  would  oscillate  near  the 
cathode  surface.  The  low  field  resonance-like  condition 
could  send  electrons  back  to  the  GaAs  cathode  surface 
and  contaminate  it.  The  lower  the  peak  field,  the  longer 
the  “trapped”  electrons  would  stay  near  the  cathode 
surface.  Therefore  in  order  to  prevent  electrons  emitted 
from  the  cathode  or  the  cathode  holder  from  hitting  the 
photocathode  in  an  rf  gun,  the  operating  voltage  should 
not  be  too  low.  The  operating  peak  field  chosen  for  the 
proposed  polarized  PWT  gun  appears  to  be  optimum  in 
that  it  is  low  enough  to  discourage  back  bombardment  of 
electrons  from  the  iris,  and  yet  high  enough  to  avoid  back 
bombardment  of  electrons  from  the  cathode  holder. 
During  rf  conditioning,  however,  it  is  important  that  the 
GaAs  cathode  is  not  exposed  to  low  fields.  For  that 
reason,  we  will  be  using  a  sacrificial  cathode  during  rf 
conditioning  and  replacing  it  with  a  freshly  activated 
cathode  via  the  load  lock. 
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Figure  5:  Examples  of  snapshots  (projected  onto  an  x-y 
plane)  of  backstreaming  electrons  emitted  (a)  from  the 
cathode  holder,  and  (b)  from  the  first  iris. 
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Abstract 

An  RF  polarized  electron  gun  utilizing  the  unique 
features  of  an  integrated,  plane-wave-transformer  (PWT) 
photoelectron  injector  [1]  is  being  developed  by  DULY 
Research  Inc.  in  collaboration  with  SLAC.  Modifications 
to  a  DULY  S-band  device  [2]  include:  a  re-design  of  the 
photocathode/RF  backplane  interface  to  accommodate  a 
GaAs  cathode;  change  in  the  design  of  the  vacuum  ports 
to  provide  10‘^^  Torr  operation;  the  inclusion  of  a  load- 
lock  photocathode  replacement  system  to  allow  for 
reactivation  and  cesiation  of  the  GaAs  photocathode  in  a 
vacuum;  and  alteration  of  the  magnet  field  coils  to  make 
room  for  the  load-lock.  The  use  of  a  stainless  steel  outer 
tank  and  cooling  rods  without  copper  plating  may  also 
provide  better  vacuum  performance  at  the  expense  of 
diminished  Q-factor.  The  effectiveness  of  both  the 
standard  cooling  rods  and  synthetic  diamond  heat  sinks 
for  disk  cooling  is  investigated  for  future  linear  collider 
applications  operating  at  a  rep  rate  of  180  Hz  and  a  bunch 
charge  of2  nC. 

INTRODUCTION 


Figure  1 :  Schematic  of  the  DULY  S-band  integrated  PWT 
linac  as  modified  for  polarized  electron  production. 


A  polarized  electron  beam  will  be  essential  in  future 
linear  colliders  for  high-energy  physics  experiments  to 
study  the  spin  structure  of  fundamental  particles. 
Important  qualities  required  for  a  polarized  electron 
source  include  large  electron  spin  polarization  (80%), 
high  quantum  efficiency  (QE),  long  cathode  life,  high 
peak  and  average  currents,  and  low  beam  emittance.  An 
activated  GaAs  photocathode  under  extremely  high 
vacuum  can  produce  the  required  electron  beam  which  is 
accelerated  in  an  emittance-compensating  rf  cavity.  The 
high  vacuum  conductance  of  the  DULY  S-band  PWT  [2], 
and  its  ability  to  provide  excellent  beam  quality  at  low 
accelerating  gradient  make  the  PWT  a  good  choice  for  a 
polarized  electron  gun.  The  new  PWT  design  uses  NEG 
pumps  to  achieve  and  maintain  vacuum  in  the  10"^^  Torr 
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range.  Figure  1  shows  a  schematic  of  the  S-band  PWT  as 
modified  for  use  as  a  polarized  electron  gun. 

VACUUM 

The  large  vacuum  conductance  provided  by  the  large 
annular  region  between  the  disk  and  the  tank  wall  is  an 
important  feature  of  the  PWT  photoinjector.  A 
fundamental  change  in  the  design  is  ^e  incorporation  of 
non-evaporable  getter  (NEG)  pumps  that  have  the  unique 
advantage  of  maintaining  their  high  pumping  speed  even 
at  low  vacuum  pressures. 

Vacuum  Sieve 

The  S-band  PWT  installed  at  UCLA  (DULYAJCLA 
PWT)  uses  a  single  vacuum  port  with  a  sieve  consisting 
of  280  1/8”  holes.  This  sieve,  along  with  the  associated 
piping,  has  a  vacuum  conductance  that  is  comparable  to 
(but  less  than)  the  conductance  from  the  pumping  port  to 
the  cathode.  Two  methods  for  increasing  the  effective 
pumping  speed  on  the  chamber  exist.  The  first  is  to 
increase  the  number  of  identical  pumping  ports  around  the 
circumference  of  the  tank,  allowing  for  a  conductance  that 
is  3-4  times  the  single  port  value.  The  other  option  is 
particularly  attractive  if  the  tank  is  made  from  pure  copper 
(not  plated)  and  is  depicted  in  Figure  2. 


Figure  2:  Schematic  showing  the  circumferential  sieve 
layout  including  the  NEG  modules  and  vacuum  housing. 


Instead  of  using  several  localized  sieves,  the  holes  can  be 
drilled  directly  into  the  wall  of  the  tank  and  can  cover  the 
entire  circumference  of  the  tank.  This  location  would  be 
surrounded  by  a  chamber  that  is  carefully  brazed  to  the 
tank  wall  and  contains  standard  NEG  wafer  modules 
capable  of  providing  a  pumping  speed  over  1000  1/s 
within  the  housing. 

Pumping  Location 

The  location  of  the  pumping  port  can  have  a  significant 
effect  on  the  vacuum  conductance  from  the  cathode  to  the 
pumping  port.  The  DULY/UCLA  PWT  has  the  pumping 
port  at  the  5^^  cell  from  the  cathode.  By  moving  the 
pumping  port  closer  to  the  cathode,  the  vacuum 
conductance  will  increase.  Table  1  shows  the  vacuum 
conductance  to  the  photocathode  of  the  accelerating 
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structure  based  on  the  number  of  cells  away  from  the 
cathode  that  the  pumping  port  is  located.  The  size  of  the 
main  solenoid  prevents  locating  the  pumping  port  any 
closer  than  3  cells  from  the  cathode. 


Table  1:  Vacuum  conductance  for  the  DULYAJCLA 
PWT  calculated  at  various  cell  positions. 


#  of  cells  from  cathode 

Vacuum  Conductance  (l/s) 

3 

94 

4 

71 

5  (DULY/UCLA  PWT) 

56 

Despite  the  increase  in  the  vacuum  conductance  of  the 
accelerating  structure,  with  either  the  multiple  or  the  full 
circumferential  sieve  option,  it  still  limits  the  overall 
conductance  of  the  system.  In  addition  to  compensating 
for  the  degradation  in  Q  caused  by  using  stainless  steel, 
increasing  the  tank  diameter  will  also  improve  vacuum 
conductance.  Figure  3  shows  the  vacuum  pressure  at  the 
cathode  as  the  diameter  of  the  tank  is  increased,  assuming 
a  fully  circumferential  sieve  and  a  NEG  pump  speed  of 
1000 1/s.  The  different  data  sets  correspond  to  location  of 
the  pumping  port  in  terms  of  the  number  of  full  cells  from 
the  cathode. 
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Figure  3:  Pressure  in  the  polarized  PWT  gun  for 
increasing  tank  diameter  and  fully  circumferential  sieve. 

Materials 

The  DULY/UCLA  PWT  used  copper-plated  304 
stainless  steel  for  both  the  tank  wall  and  the 
cooling/support  rods.  In  general,  clean  stainless  steel  has 
an  outgassing  rate  that  is  an  order  of  magnitude  lower 
than  copper  [3].  However,  the  increased  rf  losses  at  the 
tank  and  rods  would  result  in  an  increased  cooling 
requirement  and  a  reduction  in  the  Q  of  the  structure. 
Thus,  a  higher  power  rf  source  would  be  required  to 
maintain  the  same  gradient  in  the  1 0+IQA)  cell 
accelerating  structure.  Table  2  shows  the  Q  values  of  a 
single  cell  without  end  plates  when  the  walls  and  rods  are 
made  of  304  stainless  steel  instead  of  copper. 


Table  2:  Q-values  for  components  made  of  stainless  steel 
instead  of  copper,  and  for  different  tank  diameters. 


Stainless  Steel 
Surface 

Tank  Diameter  fin)  1 

4.33 

6.0 

8.0 

10.0 

None 

21,800 

32,000 

41,800 

50,100 

Tank  wall  only 

8,980 

14,900 

21,500 

27,600 

Rods  only 

8,260 

11,500 

14,600 

17,200 

Wall  and  rods 

5,360 

8,160 

11,000 

13,400 

■ 

'  ■  ■  ■  . 

■ . 

•  Cell  3 

■  Cell  4 

*  Cell  S 

; 

DL'LYS-bandPWT 
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The  increase  in  Q  that  comes  from  increasing  the  tank 
diameter  can  compensate  for  the  use  of  stainless  steel 
walls.  It  is  also  possible  to  make  the  tank  and  rods  from 
solid  copper  to  reduce  possible  contamination  from 
plating;  however,  the  rod  diameter  would  have  to  be 
increased  to  maintain  strength. 

CATHODE  AND  LOAD  LOCK 

An  activated  GaAs  cathode  requires  a  load  lock  system 
to  maintain  the  high  vacuum  during  the  replacement  or 
activation  of  the  GaAs.  Figure  4  shows  a  block  diagram 
of  the  load  lock  system  under  design.  In  this  design,  the 
cathode  puck  is  inserted  into  the  vacuum  system  with  the 
PWT  gun  isolated  from  the  activation  chamber.  A 
magnetically  coupled  linear  device  brings  the  puck  into 
the  chamber  through  an  all-metal  gate  valve,  a  wobble 
stick  grabs  the  puck  from  the  linear  transporter  which  is 
then  retracted,  and  the  gate  valve  is  closed.  The  wobble 
stick  is  used  to  lower  the  puck  to  a  heater  that  is  located 
inside  the  vacuum  chamber,  and  is  shown  schematically  in 
Figure  5.  Heat  cleaning  of  the  cathode  requires  that  the 
GaAs  be  held  at  600°C  for  1  hour,  then  rapidly  cooled. 


Figure  4:  Block  diagram  of  the  load  lock  system. 


Figure  5:  Schematic  of  the  vacuum  based  heater  used  to 
activate  the  GaAs  cathode. 


After  cleaning,  the  wobble  stick  is  used  to  grab  the 
cathode  puck  and  maneuver  it  for  mounting  on  the  main 
magnetically  coupled  linear  motion  device  that  provides 
the  axial  transport  of  the  puck.  This  linear  device  will 
place  the  puck  in  position  for  activation.  Commercial 
cesium  dispensers  are  arranged  in  a  square  pattern  that 
will  allow  the  puck  to  pass  through  the  center.  Driving 
current  through  the  dispensers  produces  a  cesium  cloud 
that  covers  the  surface  of  the  GaAs.  To  activate  the 
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GaAs,  an  oxidizing  gas  (O2  or  NF3)  is  introduced  during 
the  cesiation  process.  The  QE  of  the  GaAs  surface  is 
monitored  by  illuminating  the  cathode  with  a  laser  and 
collecting  the  photoelectrons  with  a  biased  anode  ring. 
The  anode  ring  must  be  large  enough  for  the  cathode  puck 


Figure  6:  Schematic  orientations  of  the  anode  ring, 
cesiator  and  QE  diagnostic  laser,  showing  that  the  laser 
clears  the  anode  ring  and  the  cesium  dispensers. 

After  activation,  the  main  motion  device  is  used  to 
move  the  cathode  puck  through  a  gate  valve  for  mounting 
on  the  back  plane  of  the  PWT  as  shown  in  Figure  1 .  As 
the  QE  of  the  cathode  drops,  the  puck  is  retracted  back  to 
the  activation  position  where  a  new  layer  of  cesium  is 
deposited  without  the  oxidizing  gas. 

In  order  to  accommodate  the  larger  size  of  the  cathode 
puck,  the  back  plane  of  the  PWT  is  modified.  The 
modifications  include  a  larger  beam  pipe  and  flanges,  as 
well  as  redesigned  magnetic  field  coils.  The  rf  seal  at  the 
cathode  is  provided  by  a  watch-band  style  spring. 
Figure  7  shows  both  the  axial  and  radial  component  of  the 
magnetic  field  in  the  new  solenoid  design.  The  small 
radial  magnetic  field  (Figure  7b)  at  the  cathode  of  a  few 
tens  of  Gauss  is  not  expected  to  significantly  change  the 
longitudinal  electron  polarization. 


Figure  7:  a)  Axial  and  b)  radial  magnetic  fields  in  the 
new  PWT  solenoid  magnets.  The  radial  field  is  taken 
near  the  edge  of  the  electron  beam  envelope.  The  cathode 
plane  is  at  z  =  10.92  cm,  where  the  axial  field  is  null. 

THERMAL  SIMULATION 

Steady-state  thermal  simulations  of  the  S-band  PWT 
have  shown  that  for  a  25  MW,  2.5  ps  pulse  width  klystron 
operating  at  10  Hz,  the  thermal  gradient  across  each 
accelerating  disk  is  ~0.25°C,  and  the  coldest  point  on  the 
disk  is  1°C  hotter  than  the  cooling  fluid.  This  model 
assumed  all/s  flow  rate  in  the  internal  cooling  channels 
of  the  PWT  disk.  In  order  to  be  of  practical  use  in  an 
advanced  accelerator,  the  gun  should  operate  at  a  higher 
repetition  rate.  Figures  shows  the  results  of  a  finite 


element  analysis  (COSMOS/M)  of  a  PWT  operating  at 
1 80  Hz  and  a  field  gradient  of  55  MV/m  for  increasing 
values  of  the  fluid  flow  rate. 

An  alternative  design  for  PWT  cooling  could  eliminate 
the  need  for  rods  by  providing  support  and  heat  transfer 
with  synthetic  diamond  [4].  Thermal  simulations  indicate 
that  the  performance  of  the  water  cooled  structure  with  a 
flow  rate  of  5  l/min  is  equivalent  to  cooling  with  a  1  mm 
thick  diamond  heat  conductor.  In  both  models,  the 
thermal  gradient  across  the  disk  is  dominated  by  the 
thermal  conductivity  of  the  copper  disk,  not  the  efficiency 
of  cooling.  Because  of  the  cost  of  producing  synthetic 
diamond,  the  cooling/support  rod  design  is  preferable. 


Water  Flow  Rate  in  Disk  fliter/min) 


Figure  8:  Temperature  difference  for  the  PWT  disk  as  a 
function  of  flow  rate.  Solid  line:  temperature  difference 
between  the  water  and  the  coldest  point  on  the  disk; 
dashed  line:  thermal  gradient  across  the  disk. 

CONCLUSION 

The  DULY  S-band  PWT  integrated  photoinjector  has 
been  carefully  studied  for  use  as  an  rf  polarized  electron 
source.  The  large  vacuum  conductance  and  good  beam 
performance  at  low  peak  accelerating  field  make  the  PWT 
well  suited  for  adaptation  to  activated  GaAs  use.  The 
modifications  required  for  the  addition  of  a  load  locked 
activation  chamber,  and  improved  vacuum  performance 
have  been  studied.  Beam  performance  calculations, 
including  the  study  of  the  potential  problem  of  electron 
backstreaming  into  the  cathode  are  discussed  in  a 
companion  paper  [5].  Additional  advantages  of  operating 
the  PWT  at  a  low  peak  field  (55  MV/m)  are  also 
discussed  in  the  paper. 
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Abstract 

An  integrated  dc/rf  photoelectron  gun  produces  a  low- 
emittance  beam  by  first  rapidly  accelerating  electrons  at  a 
high  gradient  during  a  short  (~  1  ns),  high-voltage  pulse, 
and  then  injecting  the  electrons  into  an  rf  cavity  for 
subsequent  acceleration.  Simulations  show  that  significant 
improvement  of  the  emittance  appears  when  a  high  field 
(~  0.5  - 1  GV/m)  is  applied  to  the  cathode  surface.  An 
adjustable  dc  gap  (<  1  mm)  which  can  be  integrated  with 
an  rf  cavity  is  designed  for  initial  testing  at  the  Injector 
Test  Stand  at  Argonne  National  Laboratory  using  an 
existing  70-kV  pulse  generator.  Plans  for  additional 
experiments  of  an  integrated  dc/rf  gun  with  a  250-kV 
pulse  generator  are  being  made. 

INTRODUCTION 

The  limitations  on  conventional  electron  rf 
photoinjectors  are  largely  due  to  space  charge  induced 
emittance  growth.  This  growth  is  particularly  severe  at 
low  electron  energies,  i.e.,  near  the  cathode.  To  eject 
electrons  from  a  photocathode  source,  a  laser  beam 
irradiates  a  photocathode  embedded  in  an  accelerating 
field.  In  an  rf  photoinjector,  electrons  released  by  the 
laser  are  accelerated  by  an  rf  field  to  relativistic  velocities, 
thus  reducing  the  emittance  degradation  during 
acceleration  of  a  high  intensity  beam.  The  peak  rf  field  in 
a  photoinjector,  however,  is  limited  by  the  available  rf 
power  and  by  voltage  breakdown.  Recent  work  at 
Brookhaven  National  Lab  (BNL)  and  elsewhere  [1] 
suggests  that  using  a  short-pulse  dc  field  that  is  much 
higher  in  amplitude  than  typical  rf  fields  in  a 
photoinjector  can  greatly  suppress  the  space  charge 
induced  emittance. 

In  a  dc/rf  gun  [2],  a  pulsed  dc  electric  field  quickly 
accelerates  photoelectrons  across  a  small  gap  between  the 
photocathode  and  the  backplane  of  an  rf  cavity.  The 
electrons  are  then  immediately  injected  into  the  rf  cavity 
for  further  acceleration.  Figure  1  shows  a  system 
schematic  of  the  dc/rf  gun,  which  consists  of  a  high 
voltage  (HV)  pulse  generator,  an  HV  transmission  line,  a 
cathode/anode  gap  and  rf  cavities.  The  essential  feature  is 
the  pulsed,  high  gradient  field  (~GV/m)  that  is  created  in 
the  dc  gap,  since  electrical  breakdown  occurs  at  larger 
fields  for  smaller  pulse  lengths.  Recent  advances  in  fast 
semiconductor  switches  have  made  possible  short  pulse, 
HV  generator  with  high  rep  rate  (>  10  kHz)  [3],  which 
can  produce  a  large  field  in  the  dc  gap.  This  would 
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significantly  improve  the  emittance  while  maintaining  a 
high  repetition  rate,  a  high  charge  per  electron  bunch,  and 
a  small  beam  size. 

In  addition  to  the  reduction  of  transverse  emittance, 
another  advantage  of  the  proposed  dc/rf  photoelectron  gun 
is  the  decrease  of  the  work  function  of  the  photocathode 
due  to  the  Schottky  effect. 


Figure  1 :  System  schematic  of  the  dc/rf  gun. 


DC  GAP  PERFORMANCE 

Preliminary  work  was  performed  using  the  POISSON 
and  PARMELA  codes  to  simulate  the  performance  of  the 
dc  gap  first  without  the  additional  influence  of  the  rf  field. 
A  simple  geometry  used  in  the  simulations  consisted  of  a 
flat  cathode  and  anode  with  a  1  mm  spacing  and  a  circular 
aperture  in  the  1  mm  thick  anode  plate  that  forms  the 
backplane  of  the  rf  cavity.  Figure  2  shows  the  normalized 
beam  emittance  through  the  gap  with  a  1  mm  aperture  as  a 
function  of  the  inverted  dc  voltage  for  several  values  of 
the  bunch  charge  (O.l-l.O  nC).  The  initial  bunch  rms 
radius  (.15-.35  mm)  and  bunch  length  (5-10  ps)  were 
varied  to  obtain  the  minimum  emittances.  For  ie  initial 
experiment,  planned  to  be  performed  at  the  APS  Injector 
Test  Stand  (ITS)  at  ANL  a  70  kV  pulser  (on  loan  from 
LBNL),  after  voltage  inversion,  will  accelerate  a  0.1  nC 
bunch.  The  anticipated  value  of  the  emittance  at  the  time 
of  injection  into  the  rf  cavity  is  approximately  0,36  mm- 
mrad,  not  including  thermal  emittance. 


Figure  2:  Emittance  as  a  function  of  applied  dc  voltage 
for  0.1,  0.5,  and  1.0  nC  bunch  charge. 
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From  Figure  2,  it  is  evident  that  an  increase  in  the 
magnitude  of  the  (inverted)  dc  voltage  at  the  cathode  will 
result  in  a  reduction  of  the  emittance.  Increasing  the  gap 
voltage  difference  more  than  500  kV  does  not  improve  the 
emittance,  although  it  may  improve  subsequent  rf 
acceleration.  Figure  3  shows  the  PARMELA  results  as  a 
function  of  axial  distance  for  70  kV  and  1  MV  dc 
acceleration  of  a  0.1  nC  bunch  charge.  Our  simulation 
results  show  a  lower  normalized  transverse  emittance 
when  compared  with  the  work  at  Eindhoven  University  of 
Technology  in  the  Netherlands  [2]  which  used  a  very 
short  laser  pulse  (50  fs)  compared  to  the  standard  S~band 
laser  pulse  (5-10  ps).  The  longer  pulse  at  the  same  charge 
significantly  mitigated  space  charge  effects. 


parameters  with  a  gap  voltage  of  -70  kV  and  -1  MV. 
Thermal  emittance  is  not  included  in  the  calculation. 

TIME  DOMAIN  SIMULATIONS  OF  DC 
GUN  HEAD  AND  TRANSMISSION  LINE 

In  preparation  for  initial  testing  with  a  70  kV  pulser,  a 
dc  head  and  transmission  line  were  modeled  using  the  3D 
electromagnetic  code  CST  Microwave  Studio.  The  gun 
head  consists  of  two  pieces:  a  connector  (Figure  4)  and  a 
terminated  transmission  line  (Figure  6).  The  connector  is 
the  section  that  attaches  to  the  pulser  and  transitions  to  the 
transmission  line.  The  transmission  line  starts  at  the  end 
of  the  tapered  section  of  the  connector,  continues  through 
a  ceramic  cone  that  forms  the  vacuum  boundary,  as  well 
as  providing  mechanical  support,  and  ends  at  the  anode 
plate  (backplane  of  the  rf  cavity)  including  the  1  mm  gap. 

Because  of  the  space  constraint  at  the  ANL  test  facility, 
the  transmission  line  was  quite  short  so  that  the  signal 
transit  time  is  comparable  to  the  pulse  length.  The  two 
port  device  was  designed  with  a  characteristic  waveguide 
impedance  of  100  Q,  assuming  the  resistor  termination  is 
near  the  gun  head.  The  impedance  would  of  course  be 
different  if  the  resistor  termination  is  placed  inside  the 
pulser  instead.  The  end  of  the  coaxial  connector  that 
attaches  to  the  pulser  is  filled  with  teflon  PTFE  as  a 
dielectric  insulator.  The  other  end  of  the  connector 


transitions  into  an  air  filled  coaxial  transmission  line  that 
leads  to  a  ceramic  cone  and  the  dc  gap. 


Figure  4:  Model  of  the  connector:  the  center  conductor  is 
connected  to  the  pulser  on  the  left,  and  slips  into  a 
precision  hole  on  the  large  taper  on  the  right. 


input  (black),  transmitted  (gray),  and  reflected  (light  gray) 
signals  of  the  2-port  device 

The  transmission  line  portion  of  the  dc/rf  gun  has  two 
parts  separated  by  a  ceramic  cone.  The  section  closer  to 
the  pulser  is  an  air  filled  coaxial  transmission  line  that 
matches  the  pulser  connector  and  includes  the  resistor 
termination  at  the  other  end.  The  section  on  the  other  side 
of  the  ceramic  cone  is  a  vacuum  filled  transmission  line 
encompassing  and  dc  gap.  Figures  6  and  7  show  the 
model  and  the  results  of  the  simulation,  respectively. 


Figure  6:  Model  of  the  terminated  transmission  line  and 
dc  gap.  The  connector  extends  to  the  left  of  the  figure. 


line/gap:  a)  input  (black)  and  reflected  (gray)  time  signals, 
b)  inverted  voltage  at  the  dc  gap  (gray)  and  at  the  entrance 
of  the  transmission  line  (black)  as  a  fimction  of  time. 
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The  small,  inverted  reflection  signal  appears  to  come 
from  the  discontinuity  presented  by  the  ceramic  cone. 
The  large,  upright  reflection  is  expected  from  the 
capacitive  nature  of  the  transmission  line  termination  at 
the  dc  gap,  in  addition  to  the  indication  of  charging  and 
discharging  of  a  capacitor.  The  gap  voltage  (gray  trace  in 
Figure  7b)  is  about  15%  higher  than  the  applied  voltage  at 
the  entrance  of  the  transmission  line  because  there  is  a 
mismatch  with  the  combined  impedances  of  the  ceramic 
cone,  terminating  resistors  and  the  gap,  causing  some 
reflection  (gray  trace  in  Figure  7a). 

MECHANICAL  DESIGN  OF  DC  GUN 
HEAD 

Figure  8  shows  a  preliminary  design  of  the  70  keV  dc 
gun  head.  The  gun  head  was  designed  specifically  for 
attachment  to  the  BBC  rf  gun  [4]  at  the  APS/ITS  (not 
shown,  at  left).  The  BBC  gun  backplane  has  a  thin  taper 
around  the  cathode  hole,  which  should  help  reduce  the 
beam  transit  time  from  the  dc  gun  head  to  the  rf  cavity. 
The  connector  mounts  to  a  stationary  pulser  which 
produces  a  -70  kV  pulse  of  1-2  ns  (not  shown,  at  right  of 
Figure  8)  using  a  teflon  filled  transmission  line.  The 
design  will  be  modified  with  an  oil  filled  transmission  line 
later  for  a  test  with  a  250  keV  pulser. 

^454''CoiiflatFlange 
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Figure  8:  Schematic  of  the  dc  gun  head  for  integration 
into  the  BBC  gun  at  ANL/ITS. 

The  cathode/anode  gap  is  adjustable  using  3  precision 
micrometers.  During  the  adjustment,  the  pulser/connector, 
the  anode  plate  (rf  backplane)  and  the  vacuum  flanges 
remain  fixed.  The  thicker  inner  conductor  on  the  gap  side 
slides  over  the  thinner  inner  conductor  protruding  from 
the  connector;  and  the  outer  conductor  moves  along  a 
sliding  joint  where  the  connector  tapers  from  the  teflon 
filled  transmission  line.  A  membrane  seal  allows  axial 
motion  of  the  outer  conductor  while  maintaining  the 
vacuum.  Extension  of  the  micrometers  would  result  in  an 
increase  in  the  cathode/anode  gap.  Springs  are  added  in 
the  support  pins  to  reduce  the  load  on  the  micrometers 
due  to  the  vacuum  boundary. 

HIGH  ENERGY  INJECTION 

Several  rf  guns  were  simulated  to  see  if  the  injection  of 
high  energy  electrons  would  improve  their  performance. 
PARMELA  simulations  were  compared  for  two  different 


situations:  a  beam  with  a  high  initial  kinetic  energy  as 
though  it  were  from  a  dc  gun  (with  negligible  initial 
emittance  and  energy  spread),  and  a  beam  injected  from  a 
photocathode  in  a  normal  rf  gun.  Figure  9  shows  the 
simulation  results  for  the  AWA  gun  [5]  with  a  40  nC 
bunch  charge  and  an  initial  injection  energy  of  1  MeV. 
Similar  improvement  (Figure  10)  is  seen  for  the  BBC  gun 
with  a  0.8  nC  charge  and  an  injection  energy  of  1  MeV. 


at  cathode  (MV/m) 


Figure  9:  Transverse  emittance  calculated  for  the  AWA 
gun  with  and  without  high  energy  injection. 
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Figure  10:  Emittance  for  the  BBC  gun  running  in  n-mode 
with  and  without  high  energy  injection. 

CONCLUSIONS 

A  dc/rf  gun  head  was  designed  and  will  be  ready  for 
testing  with  the  BBC  gun  at  ANL  soon  after  the 
commissioning  of  the  BBC  gun.  Simulations  indicate  that 
injecting  high  energy  electrons  into  an  rf  cavity  results  in 
a  significant  decrease  in  the  transverse  emittance. 
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Abstract 

Novel  designs  for  octupole  and  sextupole  magnet 
families  for  the  JLab  lOkW  IR  FEL  upgrade  were 
developed  and  characterized.  The  designs  were  made  with 
3D  simulations,  and  provided  very  short  effective  length 
that  nearly  equals  the  aperture  radius,  along  with  1% 
accuracy  of  the  field  integral  over  70%  of  a  large 
aperture.  The  main  feature  is  shaping  of  the  cylindrical 
pole  tips  to  provide  high  field  quality  dominated  by  fringe 
fields.  Other  features  include  magnetically  isolated  field 
clamps,  usage  of  non-tapered  coils  of  standard  racetrack 
shape,  and  non-linear  saturation  effects  (for  sextupole 
magnets). 

1  INTRODUCTION 

Thomas  Jefferson  National  Accelerator  Facility  (JLab) 
is  upgrading  a  CW  infrared  FEL  [1]  to  extend  the  IR 
power  output  to  10  kW  and  allow  generation  of  UV 
radiation  for  industrial,  defense,  and  scientific 
applications.  The  main  requirement  for  the  FEL  beam 
optics  is  to  avoid  phase  space  dilution  and  to  provide 
matched  beam  transport  with  high  precision  and 
brightness.  This  dilution  is  usually  caused  by  beam  lattice 
imperfections  causing  chromaticity  and  aberrations. 
Additional  constraints  on  the  beam  lattice  design  result 
from  the  energy  recovering  system  of  the  FEL,  with  an 
increased  6D  phase  space  volume,  and  from  an  octupole 
component  of  the  undulator  field. 

To  meet  the  physics,  performance  and  operational 
requirements  [2],  the  octupoles  and  sextupoles  should 
have  specific  parameters:  field  integral  accuracy  AIBi/IBx 
over  70-80%  of  the  magnetic  aperture  radius  to  be  better 
than  1%;  and  the  aspect  ratio  A=  R/Leff,  to  be  close  to 
unity,  where  R  is  the  magnetic  aperture  radius,  and  Leff  is 
the  effective  length. 

Along  with  high  variable  magnet  strength,  power 
consumption  limited  by  heating,  and  manufacturing  cost, 
these  requirements  present  challenging  issues  for  both 
magnetic  design  and  construction. 

2  DESIGN  APPROACH 

Unlike  traditional  magnets  having  ^«1  it  is 
impossible  to  provide  comparable  field  quality  with  the 
same  pole  shaping  when  ^-1.  As  the  magnet  length 
reduces,  the  fringe  field  effect  grows  because  of 
contribution  of  parasitic  azimuthal  harmonics.  In  the  first 
order,  magnetic  flux  leakage  at  the  magnet  end  faces 
reduces  the  effective  magnetic  strength.  This  fringe  flux 
near  the  pole  is  higher  for  bigger  azumuthal  angles  2? 


(2^0  at  the  minimal  radial  coordinate  of  the  pole)  and 
radii  because  of  higher  partial  side  area  of  the  pole  and 
shorter  magnetic  path  between  adjacent  poles.  In  the 
second  order,  it  sharpens  the  field  integral  profile  across 
the  aperture,  i.e.  there  is  an  effective  increase  of  the 
equivalent  parameter,  nequiv=  >  n  ^integer,  which 

describes  the  pole  shaping  in  a  real  magnet  having  a 
higher  aspect  ratio  A,  in  terms  of  an  equivalent  long 
magnet  with  Aq—^O  (see  (1)).  To  correct  the  field  profile, 
we  need  to  change  the  shape  of  the  pole  in  such  a  way, 
that 

r{6)  =  Rj  ^cos(w^) ,  where  2n-nequiv^m<n.  (1) 

In  most  cases  we  have  n-\^<n.  The  value  riequiv  can  be 
calculated  using  a  standard  procedure  of  parametric  fitting 
of  the  given  function  (1)  to  approximate  data  for  the  field 
integral  simulated  (or  measured)  initially  for  a  given  value 
of  A.  An  iterative  procedure  can  be  applied,  i.e.  for  a 
calculated  m  from  (2)  we  can  find  a  new  value  riequiv  and 
so  on  (two  iterations  usually  is  enough).  Another  way  to 
find  m  is  direct  optimization  of  the  design  over  the 
generalized  non-integer  parameter  m. 

To  implement  this  approach  in  magnetic  design 
simulations,  we  used  the  3D  code  Radia  [3],  a  flexible 
tool  enabling  analytical  programming  of  pre-  and  post¬ 
processing. 

3  OCTUPOLE  COMPACT  MAGNET 

The  specifications  for  the  family  of  octupole  magnets 
[4]  are  given  in  the  Table  1. 


Table  1.  Octupole  magnet  specification 


Transverse  field  integral  IB^  at  rg=12.5cm 

5  T-mm 

Field  integral  inaccuracy  AIBr/IBr  (r^) 

<1% 

Magnetic  aperture  radius  R 

15cm 

Effective  length  Leff  at  rg=12.5cm 

<  15cm 

Geometric  length 

<25cm 

In  Fig.  2  we  characterize  several  variants  of  the  pole 

tip  shaping  with  the  following  set  of  parameters: 

•  AIBr/IBr(^0)  is  the  maximum  relative  deviation  of 
the  transverse  field  integral  with  respect  to  an  ideal 
octupole  with  the  same  field  integral  and  for  fixed  angle 
(^  is  angular  position  of  the  pole)  in  the  “good  field 
region”  r<  rg; 

•  AIBr/IBr(r=rg)  is  the  maximum  relative  deviation  of 
the  transverse  field  integral  with  respect  to  an  ideal 
octupole  having  the  same  field  integral  and  for  fixed 
radius  over  the  circumference  of  good  area  at  r=Tg; 

•  IQI/ICil  is  the  first  unwanted  harmonic  C3  related  to 
the  frindamental  one  (n=l)  for  the  Fourier  transform  of 
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the  field  integral  at  fixed  radius  r  =  rg; 

•  ZlCk|/|Ci|  is  the  sum  of  spurious  harmonics  (25  or 
more  odd  harmonics)  related  to  the  fundamental  one  at 
fixed  radius  r  =  Tg, 

•  P  is  the  total  power  consumption  by  the  coils  (copper 
wire  with  cooling  channel)  required  to  achieve  the 
specified  magnet  strength. 


Figure  1 .  Magnetic  design  of  a  short  octupole  with  ring 
field  clamps,  cylindrically  shaped  pole  tip  and  standard 
racetrack  coils. 

Index  w=l  corresponds  here  to  octupole  field  component, 
w=3  corresponds  to  24  -pole  field  component  and  so  on. 
The  main  goal  of  the  design  under  consideration  (Fig.  1) 
is  to  satisfy  field  quality  requirements: 
wax{AIB,/IBXe=0),  AIB/IB,(r-rg),  |C3|/|Ci|}<l%  for  the 
given  integrated  magnet  strength  (which  is  2.56T/m^  in 
our  example).  Fig.  2  shows  the  explicit  optimum  achieved 
simultaneously  for  different  field  and  field  integral 
parameters  in  the  vicinity  of  “sextupole-like”  shaping  (for 
fixed  angular  size  and  without  field  clamps).  The  optimal 
values  found  for  this  configuration  (without  clamps)  are 
/k=3.12  and  A^32°.  The  corresponding  parameters  of 
this  final  variant  #2  are  given  in  Table  2. 


m 

Figure  2.  Octupole  magnet  parameters  versus  the  order  of 
tip  shape  m  at  fixed  magnet  strength  2.56T/m^  A<^38.6° 
(no  clamps),  rg^l2.5cm,  and  magnetic  aperture  radius 
rap=  150mm, 

One  can  see  that  the  most  dangerous  first  parasitic 
harmonic  of  the  field  integral  is  effectively  suppressed  by 
almost  two  orders  compared  to  the  initial  design  (without 
clamps).  Introduction  of  field  clamps  (steel  rings)  to 
decrease  the  effective  length,  4^,  adversely  affects  the 
field.  To  restore  the  field  integral  quality,  a  new 
optimization  over  the  parameter  m  was  undertaken  with 
simple  3-point-parabola  method.  It  resulted  in  further 
reduction  of  the  key  parameter  m  (see  variant  #3  in  Table 
2). 

Thus  the  non-integer  key  parameter  m  in  the  extended 
formula  (1)  makes  it  possible  to  provide  high  quality  field 
integral  for  multipole  magnets  with  cylindrical  pole  tips 
of  different  lengths  with/without  field  clamps.  In  addition, 
it  gives  enhancement  of  the  magnet  strength  (or  efficiency 
-  e.g,,  the  power  consumption  is  reduced  by  33%,  variant 
#2vs.#l  in  Table  2). 


Table  2.  Simulation  results  for  octupole  magnet  with  aperture  rap=150mm  and  fixed  magnet  strength  2.56T/m^: 
_  conventional  (#1,  n^A=m)  and  advanced  designs 


# 

Clamps 

Tip 

A0  (opt) 

m 

j.  -±- 

27, 

kA 

9 

Leff 

mm 

75,  ‘ 

£l  % 
Q’ 

o/o 

C,  ’ 

in 

no 

36° 

4 

3.6 

2.1 

388 

173 

0.7,  % 

1.8% 

1.4 

2.6 

iQ 

no 

32° 

3.12 

2.93 

1.71 

261 

173 

0.58,  % 

0.42  % 

0.018 

0.75 

n 

yes 

32° 

2.9 

3.49 

2.04 

370 

146 

0.64,  % 

0.79  % 

0.31 

1.6 

4  SEXTUPOLE  COMPACT  MAGNET 

Magnetic  design  of  the  sextupole  magnet  family  for 
TJNAF  Upgrade[5]  is  depicted  in  Fig.  3.  Careful 
optimization  of  the  pole  shape  was  done  to  provide  the 
highest  field  integral  quality  at  nominal  magnet  strength. 
It  led  to  the  following  value  of  the  key  parameter:  m=2.61 
(instead  of  standard  value  in=n~'i  for  a  conventionally 
designed  sextupole).  The  entire  magnet  operates  far  from 
saturation.  However,  unlike  the  octupole  design  above. 


high  magnetization  of  some  regions  causes  local  non- 
linearities  that  can  affect  the  field  quality  at  different 
currents.  We  found  such  critical  “hot  spots”  near  the 
edge  of  the  pole  tip  and  in  the  vicinity  of  connection  of 
the  yoke  and  core.  The  magnet  was  optimized  for  a 
nominal  strength  ~2.15T/m.  As  a  result  the  field  quality  is 
noticeably  different  for  much  smaller  fields  (see  Fig.  4). 
Nevertheless,  the  magnetic  design  indicates  high  quality 
of  the  field  integral  for  a  wide  range  of  coil  currents:  (0.4- 
1 .4)  with  respect  to  nominal  current. 
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Fig.  3.  Sextupole  magnet  design  with  conventional 
racetrack  coils  and  circular  disk  clamp. 


Radial  field  integral  T*mm  at  r=120mm 

Fig.  4.  Normalized  sextupole  field  integral  I/Inominai  (right 
ordinate  axis)  and  its  quality  S|Ck|/|Ci|  for  25  unwanted 
harmonics  (on  the  left  axis)  vs  field  integral  at  rg=  120mm 
and  rg=75mm.  Parameters:  Pniax=2.8kW,  w=2.671, 
rap-150mm,  pole  tip  angle  A0=44.9°. 


Table  3.  Sextupole  design  performance  at  different  materials  for  the  pole  (tip+core)  and  constant  (nominal)  current 


Material 

Maximum 
magneti¬ 
zation  M,  T 

Field  strength 
T  at 
I-n=11668A 

Field  quality 
at  r=  120mm, 
% 

Estimated 

Power 

required,  kW 

RadMatXc06:  Low  Carbon  Steel  C<0.06% 
FAFNORI 

2.11 

0.299 

0.6  % 

2.21 

RadMatSteel37:  Steel  C<0.13% 

2.052 

0.286 

0.7  % 

2.065 

RadMatSteel42:  Steel  C<0.19%. 

2.06 

0.282 

0.67  % 

2.092 

RadMatAFKl:  FeCo  Alloy  from  Metalimphy  (Fe  : 
74.2%,  Co:  25%,  Cr:  0.3%,  Mn:  0.5% 

2.35 

0.297 

0.87% 

1.85 

RadMatAFK502:  Vanadium  Permendur  firom 
Metalimphy;  (Fe  :  49%,  Co:  49%,  V:  2%;  similar 
to  Vacoflux50) 

2.34 

0.318 

0.92  % 

1.72 

Different  geometries  and  materials  were  included  in  the 
study  of  saturation  effects  in  local  areas  with  maximum 
fields  (see  Table  3). 

5  CONCLUSION 

The  design  approach  described  here  is  applicable  for 
any  multipole  magnet  (i.e.  quadrupole  and  higher).  This 
type  of  shaping  can  be  easily  produced  with 
programmable  machinery  tools.  It  simplifies  the  process 
of  magnetic  design  of  short  multipole  magnets  and 
enhances  its  integrated  moment.  This  is  done  by  reducing 
the  multi-parametrical,  non-linear,  complicated  problem 
of  3D  field  optimization  to  a  problem  dominated  by  a 
main  physical  parameter  variable  in  a  well-defined  range. 
One  can  also  reduce  the  cost  of  the  design  with  wider 
usage  of  simplified  or  standard  elements  like  racetrack 
coils  and  disk  clamps. 
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BUILDING  A  FAMILY  OF  CORRECTOR  MAGNETS  FOR  SNS  FACILITY* 

Sorin-Viorel  Badea  Ph.D,  Nicholaos  Tsoupas  Ph.  D,  Joseph  Tuozzolo  PE,  James  Alduino, 
Collider-Accelerator  Department,  Brookhaven  National  Laboratory,  Upton  NY  11973,  USA 


Abstract 

The  Spallation  Neutron  Source  (SNS)  in  process  to  be 
built  in  Oak  Ridge  Tennessee  includes  an  accumulator 
ring  with  a  circumference  of  248  meters,  an  injection  line 
and  an  extraction  line.  The  machine  is  designed  to 
accumulate  2E+14,  l.OGeV  kinetic-energy  protons  in 
1ms,  via  a  charge  exchange  injection  of  H. 

This  paper  describes  the  concept  behind  the  design  and 
fabrication  of  five  types  of  air  cooled  corrector  magnets 
built  in  15  functions  totaling  80  magnets  to  be  used  in  the 
above  project. 

INTRODUCTION 

The  main  effort  was  aimed  toward  an  original  design  to 
deliver  the  required  magnetic  field  with  cost  effective 
solutions  and  easy  installation,  survey  and  convenient 
maintenance. 

The  list  of  magnets  designed  by  the  above  constraints  is 
shown  in  Table  1 . 


Table  1 .  List  of  Corrector  Magnets  for  SNS 


Magnet 

ID 

Magnetic  Field,  for 
1.0/1 .3  GeV 

Current 

Amps. 

16CD20 

Dipole,  Intgr.  field: 
7.4/8.8KG*cm 

9.0/10.8 

27CDM30 

Dipole  Intgr  Field: 
6.26/8. 6KG*cm 

10.0/13.0 

Skew  Quad,  Intgr 
Grad:  0.208/0.270KG 

10.0/13.0 

Skew  Sextupole  Intgr. 
Grad: 

0.005/0.007KG/cm 

10.0/13.0 

27CD30 

Dipole  Intgr.  Field: 

8.06  /10.08KG*cm 

10.0/13.0 

36CDM30 

Dipole,  Intgr.  Field 
7.20/9.0  KG*cm 

10.2/12.7 

Skew  Quad,  Intgr  Grd: 
0.266/0.333KG 

10.2/12.7 

41CDM30 

Dipole  Intgr.  Field 
7.50/9.40KG*cm 

10./12/7 

Skew  Quad,Intgr.  Gr: 
0.241/0.301  KG 

10.2/12.7 

Figure  1  shows  the  magnets  from  Table  1,  already 
built  and  in  the  process  of  being  delivered  to  Oak  Ridge. 


Figure  1.  Actual  picture  of  Corrector  Magnets  for  SNS. 
(From  left  to  right:  41CDM30,  36CDM30,  27CDM30, 
27CD30,  and  16CD20) 


DIMENSIONAL  MAGNETIC  FIELD 
CALCULATIONS  FOR  THE  27CDM30 
CORRECTOR  MAGNET 

The  following  3Dimensional  calculations  performed 
for  each  of  the  corrector  magnets  provided  information 
to  be  used  in  the  mechanical  design  of  the  large  aperture 
corrector  magnets  for  the  SNS  accumulator  ring. 

a)  The  number  of  Amp-turns  to  produce  the 
required  dipole,  sqew-quadrupole,  and 
sqew-sextupole  strength  respectively. 

b)  The  number  of  Amp-turns  and  the  location 
of  the  “corrector  coils”  on  the  iron  frame. 
These  corrector  coils  (see  figure  2)  are 
required  to  minimize  the  sextupole  strength 
produced  by  the  main  windings  of  the 
corrector  dipole. 

c)  The  number  of  Amp-turns  of  the  coils 
which  produce  the  sextupole  corrector  and 
also  to  determine  the  location  of  these  coils 
on  the  iron. 


me  tnicKness  ot  the  iron  core  of  the  correctors  wa 


optimized  to  run  well  bellow  the  saturation  when  a 
SNS  IS  managed  by  UT-Batelle,  LLC  under  contract  DE-AC05000r22725  for  the  US  Department  of  Energy.  SNS  is  a  partnership 
of  SIX  national  laboratones:  Argonne,  Brookhaven,  Jefferson,  Lawrence  Berkley,  Los  Alamos,  and  Oak  Ridge. 
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corrector  windings  (dipole,  quadrupole,  and  sextupole) 
were  powered  simultaneously  at  full  strength).  This 
condition  of  “non  saturation”  of  the  iron  allowed  us  to 
make  use  of  the  superposition  principle  and  perform  the 
3D  calculations  and  optimization  for  each  corrector 
(dipole,  quadrupole,  and  sextupole)  separately. 

3D  Dipole  Calculations 

Figure  2  shows  the  placement  of  the  coils,  which 
produce  the  dipole  field  of  the  corrector.  The  coils  consist 
of  three  layers  of  copper  wire,  which  cover  almost  each 
side  of  the  magnet  frame.  In  addition  to  these  three  layers 
of  copper  we  wound  a  few  more  layers  of  copper  wire 
(corrector  coils)  at  each  comer  of  the  iron  frame.  These 
corrector  coils  are  shown  in  Figure  2,  and  are  connected 
in  series  with  the  coils,  which  produce  the  dipole  field. 
Their  purpose  is  to  minimize  the  integrated  sextupole 
field  produced  by  the  dipole  coils.  The  number  of  Amp 
turns  of  the  corrector  coils  has  been  determined  by 
performing  3D  magnetic  field  calculations. 

The  reason  that  the  square  frame  of  the  iron  has  been 
rotated  45®  is  to  generate  the  skew-quadmpole  when  the 
quadmpole  coils  are  powered. 

The  integrated  dipole  field  (J  Bdipdz),  when  the  coils 
are  powered  at  maximum  is  8600  Gauss.cm.  This  is 
plotted  in  Figure  3  as  a  function  of  distance  from  the 
center  of  the  magnet  and  along  the  beam  direction.The 
plot  shows  the  radial  components  of  only  two  of  the 
allowed  multipoles  (Bsext),  and  (Bdeca),  which  are 
generated  when  the  dipole  coils  are  powered.  The 
quantities  (Bsext),  and  (Bdeca)>  are  defined  in  the 
expression: 

Br(ro,z)=BdipSin(0)+Bsextsin(30)+  Bdecsin(30)+. . . 

(Wiere  ro=12.78  cm).  The  integrated  strength  of  the 
sextupole  component  (  J  Bsextd^  )  has  been  minimized 
with  the  help  of  the  corrector  coils  mentioned  earlier,  and 
its  integrated  strength  is  20  Gauss.cm  at  a  radius  ro=12.78 
cm.  The  integrated  strength  of  the  decapole  multipole  (  J 
Bdecatdz  )  is  4  Gauss.cm.  The  integrated  strength  of  the 
sextupole  and  decapole  multipoles  are  well  below  the 
limit  which  will  affect  the  dynamics  of  the  beam. 

Duodecapole  components  are  the  first  allowed 
multipoles.  The  number  of  layers  of  the  coil  have  been 
chosen  to  obtain  the  required  sqew-quadmpole  integrated 
strength  ( J  Bdeca^z )  which  has  been  calculated  to  be  3500 
Gauss.cm  at  a  radius  ro=12.78  cm  .  When  the  sqew- 
sextupole  corrector  is  powered  at  full  current,  the 
integrated  strength  of  the  first  three  allowed  multipoles 
(12,20,28)  pole  is  30  Gauss.cm  10  Gauss.cm  and  0.3 
Gauss.cm  respectively.  Similar  calculations  were 
developed  for  the  Skew-Quad  and  Sextupole. 


Figure  2.  The  windings  of  the  dipole  corrector. 


The  main  windings  cover  almost  each  side  of  the  iron 
core  of  the  magnet  and  consist  of  three  layers.  The 
“corrector  coils”  which  are  powered  in  series  with  the 
dipole  windings  are  placed  symmetrically  from  each 
comer  of  the  magnet. 


-6  ^  . '  -  .  -  - < 
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Figure  3:  The  calculated  strength  of  the  first  two  allowed 
multipoles  (B^ext,  and  Bdeca),  of  the  dipole  corrector 
magnet,  plotted  as  a  function  of  the  distance  from  the 
center  of  the  magnet  and  along  the  beam  direction. 


ENGINEERING  CONCEPT  AND 
CALCULATIONS 

The  entire  family  of  magnets  was  designed  with  a 
standard  approach  as  seen  in  Fig.  4. 
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ECONOMICAL  CONSIDERATIONS 

Based  on  actual  prices  of  fabricated  magnets  we  were 
able  to  plot  the  price  variations  as  fimction  of  field 
values  and  weight. 


T200O 

10Q00 

8000 

6000 

*1000 

2000 


Fig.  4  Standard  design  of  all  corrector  magnets 

Based  on  aperture,  length  of  magnet  and  magnetic  field 
determined  in  the  preceding  chapter,  the  engineering  part 
was  developed  as  follows: 

•  Considering  the  number  of  ampere-turns  the  size 
of  copper  was  determined  (number  of  turns  for 
dipole,  quad  or  sextupole) 

•  All  the  cores  and  pole  pieces  were  made  of  plain 
(non-laminated)  steel  1006,  because  all  the 
magnets  are  DC  powered  (no  pulsed  magnets 
included  in  this  correctors  category) 

•  The  current  density  was  kept  under  100 
Amps/cm^ 

•  Calculations  were  performed  using  a  finite 
element  analysis  program  (ANSYS)  to 
determine  the  stress,  and  maximum  deflection 
under  combinations  of  static  loads  and  dynamic 
loads  during  transportation.  Below  in  Fig.  5  is 
shown  a  typical  result  of  stress  analysis  of  a 
bracket,  which  holds  the  magnet  true  during 
split  operations.  Safety  coefficient  used  for  all 
the  mechanical  parts  was  1.5. 


CONCLUSIONS 

As  stated  at  the  beginning  of  the  paper,  the  effort  was 
oriented  towards  designing  a  family  of  new  corrector 
magnets  under  the  given  conceptual  constrains,  and  to 
achieve  all  the  above  under  very  tight  budget.  The 
authors  consider  the  task  fulfilled  and  are  confident  that 
the  reliability  of  the  products  will  be  proven  during  the 
years  to  come. 
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Fig.6  Price  Variation  Function  of  Dipole  Field 


Fig.  7  Price  Variation  Function  of  Magnet  Weight 

As  expected  there  is  almost  a  linear  variation  of  the 
two  parameters  despite  the  fact  that  different  companies 
fabricated  each  type  of  magnet,  (in  USA  or  abroad) 
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DESIGN  OF  AN  ULTRA  HIGH  VACUUM  COMPATIBLE  COPPER 

SEPTUM  MAGNET* 

M.  Mapes,  N.  Tsoupas,  Collider-Accelerator  Department,  BNL,  Upton,  NY  1 1973,  USA 


Abstract 

An  Ultra  High  Vacuum  compatible  thin  copper  septum 
magnet  has  been  developed  at  Brookhaven  National 
Laboratory.  The  solid  core,  single  turn  magnet  is  pulsed 
at  1500  amps  and  has  a  field  of  0.6  KG.  The  0.76  mm 
thick  copper  septum  is  water-cooled  and  is  designed  to 
run  at  a  maximum  power  of  2  KW.  A  renlote  positioning 
system  is  used  to  optimize  the  septum  position  during 
various  extracted  beams.  The  cross  section  of  the  septum 
magnet  was  modeled  and  2-dimensional  magnetic  field 
calculations  were  performed  to  compute  the  magnetic 
field  imiformity  in  the  main  field  region  and  in  the  field 
strength  in  the  fringe  field  region.  The  calculated  field 
uniformity  as  well  as  comparison  of  the  calculated  fields 
in  the  fringe  field  region  with  the  measured  fields  in  the 
same  region  will  be  presented.  The  design  and 
construction  techniques  used  to  fabricate  this  magnet  will 
also  be  described. 

INTRODUCTION 

A  thin  septum  magnet,  Figure  1,  was  designed, 
fabricated  and  installed  as  part  of  the  beam  extraction 
system  for  the  NASA  Space  Research  Laboratory  (NSRL) 
at  Brookhaven  National  Laboratory.  The  Magnet  is 
installed  in  the  Booster  ring  in  the  Collider-Accelerator 
complex.  The  Booster  ring  used  to  accelerate  heavy  ion 
and  protons  for  various  projects  at  Brookhaven. 


Figure  1.  Isometric  view  of  Thin  Septum  Magnet 
assembly 

*  Work  Performed  under  the  auspices  of  the  U.S. 
Department  of  Energy 


The  Booster  ring  vacuum  system  is  required  to  operate 
at  a  pressure  of  low  10'^^  Torr,  especially  for  gold  heavy 
ions  in  order  to  reduce  beam  loss.  The  vacuum 
requirements  of  the  system  presented  a  challenge  to 
design  a  magnet,  which  meets  the  vacuum  criteria. 
Similar  magnets  were  designed  and  built  at  Brookhaven 
but  were  not  bakeable  and  contained  organic  materials 
used  for  electrical  insulation. 

The  magnet  was  designed  to  run  as  a  pulsed  magnet, 
which  typically  runs  at  7.5  pulses/sec  at  a  nominal  current 
of  1500  amps.  However  in  order  to  test  the  magnet  and 
especially  cooling  capacity  of  the  monel  cooling  tubes  the 
magnet  was  run  at  2000  amps  DC  and  was  subsequently 
pulsed  at  a  rep  rate  of  1  sec  at  2000  amps  for  1  million 
pulses.  The  cooling  of  the  copper  septum  is  of  particular 
concern  since  the  current  density  can  be  as  high  as  94 
amps/mm^. 

DESIGN 

The  materials  used  for  the  internals  of  the  vacuum 
system  must  meet  outgassing  rates  of  5  x  10"^^  Torr-l/s- 
cm^  at  25°  C.  The  vacuum  vessel  is  fabricated  with  316L 
stainless  steel  with  316LN  stainless  steel  Conflat  flanges 
with  a  90°  knife-edge.  These  special  Conflat  flanges  are 
typically  used  throughout  the  Booster  vacuum  system 
since  the  knife-edges  are  less  prone  to  rollover  during 
repeated  high  temperature  bakeouts.  In  addition  all 
Conflat  flange  seals  are  copper  seals  with  .05%  silver 
impregnated  to  prevent  crystallization  of  the  copper 
during  bakeout  cycles. 

The  magnet  core  is  fabricated  from  1006  low  carbon 
steel  and  is  a  solid  c-shaped  core  965nim  in  length.  The 
magnet  coil,  which  is  a  ^in  copper  strip  0.73  mm  thick, 
the  back  leg  and  the  buss  bar/cooling  tube  connections  are 
all  fabricated  from  OFHC  copper.  All  other  supports  and 
brackets  used  inside  the  vacuum  vessel  are  stainless  steel. 
The  fasteners  are  all  silver-plated  stainless  steel  and  are 
vented  whenever  they  are  installed  in  blind  tapped  holes. 

A  key  to  designing  a  UHV  compatible  magnet  was  the 
use  of  porcelain  enamel^  to  electrically  isolate  the  power 
connections  and  the  magnet  coil  from  ground.^  Stainless 
steel  parts  were  coated  with  0.02mm  of  porcelain  to 
clamp  the  septum  against  the  magnet  core  and  support  the 
buss  bar/cooling  tubes  inside  the  vacuum  vessel.  The 
edge  of  the  core  where  the  septum  banks  along  the  length 
of  the  magnet  was  also  coated  with  porcelain  to  insulate 
the  coil  from  the  core.  The  thickness  of  the  porcelain  can 
be  controlled  very  accurate  to  with  +/-0.025mm  of 
thickness  with  some  practice. 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 


2141 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


The  porcelain  is  applied  to  parts  with  a  paint  sprayer 
allowed  to  air  dry  and  then  fired  in  a  high  temperature  air 
furnace  at  850°  C.  The  result  is  a  very  durable  glazed 
finish,  which  has  an  outgassing  rate  approaching  that  of 
stainless  steel.  In  addition  porcelain  is  radiation  resistant 
and  can  be  used  at  elevated  temperatures. 

The  copper  septum  is  cooled  by  two  rectangular  Monel 
cooling  tubes  as  shown  in  Figure  2.  These  tubes  were 
brazed  to  the  septum  with  BAG  8  fluxless  braze  in  a 
vacuum  furnace  with  a  partial  pressure  of  30  mtorr  of 
Argon.  Since  it  is  desirable  for  most  of  the  current  to 
flow  through  the  septum  the  material  for  the  cooling  tubes 
must  have  a  much  lower  conductivity  than  copper.  For 
this  reason  Monel  400  with  a  very  thin  wall  was  chosen  to 
be  a  good  material.  A  fixture  was  fabricated  to  clamp  the 
tubes  to  the  septum,  which  allowed  longitudinal 
expansion  during  the  brazing  process. 


-CIIA:|.  a 


Figure  2.  Cross  section  view  of  magnet  core  assembly 


MOTION/DRIVE  SYSTEM 

The  septum  is  required  to  move  in  and  out  of  the  beam 
in  the  horizontal  plane  as  well  as  skew  at  any  angle  as 
shown  in  Figure  3.  The  upstream  and  downstream  ends 
on  the  vacuum  chamber  can  move  independently  of  each 
other.  This  is  accomplished  by  mounting  each  end  of  the 
vacuum  chamber  to  a  rotary  table,  which  is  mounted  on  a 
linear  slide.  Each  linear  slide  is  driven  by  an  AC 
synchronous  stepping  motor  coupled  to  a  50:1  gear 
reduction  box.  The  output  shaft  of  the  gear  reduction  box 
is  coupled  to  an  ACME  screw  that  moves  the  linear  slide 
in  the  horizontal  plane.  The  rotary  tables  allow  the 
magnet  to  skew  when  the  slides  at  each  end  are  moved. 


To  accurately  move  the  septum,  linear  potentiometers  on 
each  end  of  the  vacuum  chamber  are  coupled  to  a  PC  and 
indicate  the  exact  position  of  the  septum  in  the  horizontal 
plane.  The  position  system  allows  the  septum  assembly 
to  move  in  and  out  of  the  beam  with  a  repeatable  accuracy 
of  0.025mm. 


Figure  3.  Schematic  of  motion  and  drive  mechanism 


MAGNETIC  DESIGN/CALCULATIONS 

The  purpose  of  the  magnetic  field  calculation  was  to 
twofold,  first  to  calculate  the  field  homogeneity  of  the 
magnet  in  the  “Main  Field  Region”  and  second  to 
calculate  the  strength  of  the  ffinge  field  at  the  “Fringe” 
region  of  the  magnet  where  the  beam  is  circulating. 

Figure  4  shows  a  cross  section  of  the  magnet,  with  the 
“Magnet  Iron”  the  “Septum”  and  “Return”  conductors 
which  both  are  made  of  copper,  and  the  “Cooling 
Channel”  which  is  made  of  material  Monel  400. 

In  the  calculations,  which  were  performed  with  the  2D 
version  of  the  code  opera^  the  conductivity  of  both 
materials  copper  and  Monel  were  taken  into  account  by 


Figure  4.  Cross-section  of  the  Septum  magnet  showing 
the  “Magnet  Iron”  the  “Return”  and  “Septum” 
Conductors,  the  “Cooling  Channel”.  The  “Main  Field 
Region”  corresponds  to  the  extracted  beam,  and  the 
“Fringe”  region  to  the  circulating  beam. 
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adjusting  current  densities  in  the  “Septum”  (J=5. 871x10’ 
A/m^)  and  the  “Cooling  Channel”  (J=1.888xl0^  A/m^). 

Figure  5  is  a  plot  of  the  magnetic  field  homogeneity  in 
the  “Main  Field  Region”  from  the  edge  of  the  “septum”  to 
a  distance  4  cm  inside  the  magnet.  The  maximum 
magnetic  field  in  the  “Main  Field  Region”  is  462.5  Gauss. 


Figure  5.  Field  Homogeneity  in  the  “Main  Field  Region” 
of  the  magnet 

The  magnetic  field  in  the  “Fringe”  field  region  where  the 
beam  is  circulating  is  plotted  as  function  of  distance  from 
the  edge  of  the  septum.  On  the  same  plot  the 
experimentally  measured  field  is  also  plotted. 


CONCLUSION 

A  successful  UHV  compatible  Thin  Septum  Magnet  has 
been  designed,  fabricated  and  installed  in  the  Booster  ring 
at  Brookhaven.  The  magnet  has  been  operational  at  a 
pressure  of  low  10'^^  Torr  and  has  been  flawless. 


Dktancv  front  Sephini  [cm] 


Figure  6.  Experimental  and  Calculated  values  of  magnetic 
field  in  the  “Fringe”  field  region,  plotted  as  a  function  of 
distance  from  the  edge  of  the  septum 
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Abstract 

Two  sets  of  kickers,  4  pulsed  dipoles  in  each  set,  will  be 
used  in  the  SNS  accumulator  ring  to  create  a  dynamic 
orbit  bump  for  injection  process.  These  kickers  are 
designed  as  large  aperture,  window  frame  magnets.  The 
design  of  these  8  kickers  have  been  completed.  The  first 
article  kicker  has  been  assembled  and  is  being  tested.  In 
this  paper  we  discuss  the  mechanical  design  criteria  for 
these  kickers,  the  layout  in  the  accumulator  ring,  the 
magnetic  field  requirements  and  the  ferrite  based  magnet 
field  analysis,  the  eddy  current  and  thermal  considerations 
in  the  choice  of  ceramic  vacuum  chamber  and  its 
implementation.  Also  we  discuss  a  wedge  shaped  clamp 
which  was  designed  to  reduce  the  vibration  in  the  coil 
when  powered  at  the  60  Hz  repetition  rate. 

1.  INTRODUCTION 

The  injection  of  the  SNS  accumulator  ring  takes  place 
in  one  of  the  straight  sections  of  the  ring.  Two  sets  of 
kickers,  two  horizontal  and  two  vertical  in  each  set,  are 
used  to  create  dynamic  orbit  bumps  to  paint  the  phase 
space  of  the  injected  proton  population  [1]. 
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Figure  1:  Upstream  Set  Of  Injection  Kickers 

The  injection  kickers  will  be  operated  at  a  60  Hz  rate. 
The  rise  time  and  flat  top  time  together  are  in  the  range  of 
2  to  3  ms.  Ferrite  is  used  as  the  core  material  for  its  high 
frequency  response  and  low  loss.  The  coils  are  wound 
with  copper  conductors  and  water-cooled.  Since  some 
heat  will  be  generated  in  the  ferrite  and  coil,  the  magnet  is 
installed  outside  the  vacuum  system  to  prevent  leaks  from 
the  water-cooling  in  the  vacuum  system.  The  vacuum 
chamber  is  made  of  alumina  ceramic  to  avoid  eddy 
currents  induced  by  the  pulsed  magnetic  field.  The  inner 
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surface  of  the  ceramic  chamber  will  be  coated  with 
titanium  nitride  (TiN)  to  carry  beam  induced  image 
current  and  reduce  the  secondary  electron  yield  [2].  For 
simplicity,  the  horizontal  magnets  and  vertical  magnets 
are  designed  identically  but  oriented  differently. 

2.  KICKER  SPECIFICATIONS 

Based  on  the  beam  dynamics,  the  eight  kickers  are 
designed  as  4  long  kickers  and  4  short  kickers.  One  set  of 
4  kickers  is  located  upstream  from  the  injection  point. 
The  sequence  of  kickers  is  long  horizontal-long  vertical- 
short  horizontal-short  vertical  toward  the  injection  point 
(Fig.  1).  The  other  set  of  kicker  is  located  down  stream 
from  the  injection  point  with  a  mirrored  sequence.  The 
specifications  of  these  kickers  are  listed  in  Table  1. 

Table  1 :  Kicker  Magnet  Parameters. 


Long 

Short 

No.  of  Kickers 

4 

4 

Ferrite  Gap  size:  (cm) 
Height 

19.55 

21.55 

Width 

22.48 

24.48 

Length 

64 

21 

Volume  (cm^) 

81085 

28313 

Beam  Pipe  Material: 

Ceramic 

Ceramic 

Inner  Dia.  (Aperture) 

16  cm 

18  cm 

Turns  per  Coil 

10 

12 

Max.  Field  (Gauss) 

790 

1000 

Max  Current  (amps) 

1230 

1476 

Ferrite  Weight  (lbs) 

891 

238 

kicker  assembly  Weight  (lbs)  1185 

440 

3.  KICKER  MAGNET 

The  fast  kicker  is  designed  as  a  ferrite  core,  rectangular 
window  frame  magnet  (Fig.  2) 


Cross  section  Magnet 

Figure  2:  Injection  Kicker  Magnet 

CMD  5005  Ni-Zn  type  ferrite  is  used  for  this  magnet. 
This  ferrite  has  high  frequency  response  and  very  low 
eddy  current  loss.  These  properties  are  important  for 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 


2144 


Proceedings  of  the  2003  Particle  Accelerator  Conference 


pulsed  magnet  operation.  The  ceramic  chamber  is 
centered  in  the  gap  and  supported  independently  to  the 
platform.  The  coil  is  installed  outside  the  ceramic 
chamber.  The  coil  is  made  of  two  identical  5  turn  coils 
stacked  together  with  one  rotated  180  degrees.  One 
jumper  bus  connects  these  two  coils  to  form  a  single  10 
turn  coil.  The  window  shape  core  is  formed  by  stacks  of 
ferrite  blocks.  Since  ferrite  is  very  brittle,  these  blocks 
are  clamped  by  inconel  springs  to  a  metal  frame.  In  the 
middle  of  the  back  leg  is  a  copper  strip  that  will  carry 
beam  image  current  to  reduce  beam  impedance.  The  other 
purpose  of  the  strips  is  to  damper  beam  induced  pulsed 
fields  in  the  ferrite  core.  Pulsed  power  is  fed  through  bus 
bars  in  the  end  of  the  ferrite  core  by  4  cables  for  each 
polarity.  Two  kickers,  one  horizontal  and  one  vertical, 
are  installed  on  a  common  platform.  These  two  kickers 
are  constructed  identically  except  one  is  oriented  90 
degrees  with  respect  to  the  other  (Fig.  3).  On  the 
platform,  each  kicker  has  its  own  adjusting  screws,  so 
they  can  be  surveyed  and  aligned  to  each  other.  When 
installed  in  the  ring,  the  platform  will  be  final  aligned  to 
the  beam  line  by  sliding  pads  in  the  support  stand.  The 
kicker  assembly  is  covered  by  a  full  length  metal  cover 
(not  shown),  which  is  grounded  for  shielding. 


Long  Kicker 


Figure  3:  Injection  Kicker  Assembly 

4.  VACUUM  COMPONENTS 

The  vacuum  chamber  is  made  of  alumina  ceramic  with 
stainless  steel  flanges  by  metalized  joints  (Fig.  4). 
Helico-Flex  type  metal  seals  are  used  in  the  flange  to 
protect  the  fragile  joints.  The  number  of  bolts  and 
required  torque  to  tighten  Helico-Flex  seal  are  much  less 
than  for  the  conflat  type.  The  inside  surface  of  the 
ceramic  chamber  will  be  coated  with  copper  and  Titanium 
Nitride.  Inconel  spring  fingers  will  be  inserted  and 
clamped  in  the  two  ends  of  the  pipe  to  bridge  the 
continuity  between  flange  and  inside  coating.  Low  spring 
rate  bellows  will  be  used  to  connect  ceramic  pipe  to  other 
vacuum  components  in  the  system  to  compensate  any 
misalignment  and  mechanical  tolerances.  These  bellows 
are  made  of  eight  mil  inconel  sheets  with  a  spring  rate  of 


75  Ib/in.  All  vacuum  components  will  be  cleaned  and 
baked  to  250  before  assembled  to  meet  the  required 
vacuum  quality  of  1x10’^  torr  range. 
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Figure  4:  Vacuum  Chamber  Components 


5.  EDDY  CURRENT  HEATING 

When  operated  at  60  Hz,  the  penetration  of  the 
magnetic  field  will  induce  eddy  current  in  the  inner 
coating  of  the  ceramic  chamber.  The  heat  generated  by 
this  eddy  current  could  reach  aroimd  lOOw/m  along  the 
center  line.  Calculation  shows  the  maximum  temperature 
rise  in  the  chamber  with  a  non-uniform  distribution  is 
about  46.8°C  (Fig.  5). 

■  .  . . 


Figure  5:  Eddy  Current  Heating  In  The  Chamber 

The  induced  thermal  stresses  in  the  transition  joints  are 
all  in  compression  and  are  acceptable.  Also,  this  ceramic 
vacuum  chamber  is  specified  to  be  baked  to  450®C  for 
high  vacuum  quality.  The  heat  generated  from  eddy 
current  is  acceptable  for  this  beam  chamber. 


6.  MAGNETIC  FIELD  CALCULATION 

The  injection  kickers  will  create  dynamic  orbit  bumps 
to  paint  the  optimum  phase  space  of  the  injected  proton 
population.  The  required  magnetic  field  quality  for  these 
kickers  is  the  variation  of  integral  field  should  be  better 
than  1%  [3].  An  OPERA  model  was  used  to  analyse  its 
magnetic  properties  (Fig.  6).  The  results  are  listed  in  the 
table  2. 

Table  2:  Kicker  Magnetic  Properties 


Long 

Short 

Turns  per  Coil 

10 

12 

Current  (amps) 

1230 

1476 

Center  Field  (gauss) 

784.9 

1006 

Integral  filed  jBdl 

65850.9 

43505.0 

Variation 

+/- 1.00% 

+/-  0.92% 

Effective  length 

83.9 

43.2 

Inductance 

158.0  x  10-^(H). 

149.0  X  lOi 
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Magnet  Model 


Center  Field  Along  Beam  Line 
Figure  6:  Magnetic  Field  Plot 

1.  DAMPER  AND  COIL  SUPPORT 

When  the  first  article  long  kicker  magnet  was  powered 
to  full  current,  the  Lorentz  force  caused  the  coil  to  start  a 
vibration  of  60  Hz.  From  an  OPERA  magnetic  analysis 
and  an  ANSYS  harmonic  analysis  (Fig.  8),  the  magnitude 
of  the  harmonic  force  is  about  40  lb  in  the  straight  part  of 
the  coil.  Von  Mises  stresses  are  1507  psi  in  the  copper 
and  1000  psi  in  the  epoxy.  These  stresses  are  well  below 
the  yield  strength  of  the  materials,  but  in  order  to  reduce 
this  vibration,  wedge  clamps  were  designed  and  installed 
in  the  comer  of  the  gap  to  push  against  the  coils  (Fig.  7). 
Each  clamp  provides  more  than  100  lb  preload  to  each 
coil,  which  reduces  the  vibration.  Test  data  of  vibration  in 
the  coil  when  operated  with  and  without  wedge  clamps 
are  listed  in  the  table  3.  This  data  shows  the  total 
displacement  of  vibration  is  significantly  reduced  to  a 
reasonable  level  for  operation  when  wedge  clamps  are 
installed. 

Table  3:  Vibration  Displacement 
Without  wedges  With  wedges 

Vibration  displacement  Vibration  displacement 

Current  +  mm  -  mm  Total  +  mm  -  mm  Total 

1050  0.088  -0.092  0.179  0.062  -0.046  0.108 

1250  0.170  -0.125  0.295  0.101  -0.058  0.160 

Wedge 


Vibration  Mode  Shape  Harmonic  Stress 


Figure  8:  Harmonic  Analysis  of  Coil 

8,  FIRST  ARTICLE  ASSEMBLY  AND  TEST 

The  first  article  long  kicker  magnet  (without  the  ceramic 
chamber)  was  assembled  (fig.  9)  and  used  to  test  all 
design  criteria.  The  coils  have  passed  all  mechanical, 
electrical  and  hydraulic  tests.  Ferrite  blocks  were 
accurately  machined  and  formed  a  nice  tight  window 
frame.  The  magnet  has  gone  through  full  power  tests  and 
magnetic  measurements.  From  these  tests,  this  magnet 
meets  the  design  requirements.  Four  ceramic  chambers 
have  passed  all  mechanical  tests  and  vacuum  leak  checks. 
They  are  being  coated  with  TiN  in  the  vacuum  Lab.  These 
beam  pipes  will  be  installed  into  the  magnet  soon. 


Figure  9;  First  Article  Kicker  Assembly 

9.  CONCLUSIONS 

The  first  article  injection  kicker  has  been  successfully 
assembled  and  tested.  All  components  for  the  production 
kicker  are  in  house  except  some  ceramic  pipes.  Four  of 
the  11  ceramic  chambers  are  already  in  house  and  are 
being  coated  with  TiN.  The  balance  of  the  chambers  will 
be  delivered  soon.  The  production  kicker  assembly  work 
is  in  progress.  The  eight  kicker  assemblies  will  be 
completed  in  about  six  months. 
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Abstract 

Two  kicker  assemblies,  seven  pulsed  magnet  modules 
in  each  assembly,  will  be  used  in  the  SNS  accumulator 
ring  to  kick  the  beam  vertically  to  the  extraction  septum 
then  to  the  target.  These  kickers  are  designed  as  window 
frame  magnets  housed  inside  a  vacuum  chamber. 
Fourteen  Pulse  Forming  Networks  (PFN)  housed  in 
separate  silicon  fluid  containers  are  designed  to  power 
each  kicker  module.  A  single  module  prototype  kicker 
magnet  and  PFN  modulator  have  been  successfully 
assembled  and  tested.  In  this  paper  we  discuss  the 
mechanical  design  criteria  of  these  kicker  assemblies,  the 
installation  layout  in  the  accumulator  ring,  the  structural 
analysis  of  the  kicker  chamber,  the  magnetic  field 
analysis  of  the  ferrite  magnet,  the  high  voltage 
feedthrough  design,  the  structural  design  of  the  modulator 
container,  the  cooling  and  the  thermal  expansion 
considerations  of  the  silicon  fluids. 

1.  INTRODUCTION 

The  extraction  from  the  SNS  accumulating  ring  to  Ring 
to  Target  Transport  Line  (RTBT)  takes  place  in  one  of  the 
accumulator  ring's  straight  sections  [1].  There  are  a  total 
of  fourteen  kicker  magnet  modules  to  kick  the  circulating 
beam  in  a  single  bunch  vertically  into  septum  magnet 
(Fig.l).  The  septum  then  provides  the  large  angle 
deflection  to  extract  the  beam  into  the  RTBT  line  [2]. 
Seven  kicker  magnets  in  one  assembly  are  located 
upstream  of  a  quad-doublet,  and  seven  magnets  in  another 
assembly  are  located  downstream  from  the  quad-doublet. 

^ - Beam  Quadmpole 

direction  y  Doublet 

Down  Stream  Up  Stream 

Kicker  Assembly  Kicker  Assembly 


Figure  1 .  Extraction  Kicker  Layout 
The  extraction  kicker  will  be  operated  at  60  Hz  rate 
with  a  flat  top  of  750  ns  and  a  rise  time  of  200  ns. 
Fourteen  high  voltage  modulators  installed  in  the 
modulator  building  will  be  used  to  power  the  14  kicker 
magnets.  Two  coaxial  cables  connected  in  parallel  from 
each  modulator  transfer  current  to  each  kicker  magnet  in 
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the  assembly.  Since  extraction  from  the  accumulator  ring 
has  to  have  a  high  level  of  reliability,  the  large  number  of 
magnet  modules,  seven  in  each  assembly,  is  to  allow  the 
full  beam  to  be  extracted  within  the  acceptance  of  the 
RTBT  line  even  when  one  of  the  modules  in  each 
assembly  fails  to  function. 

2.  KICKER  SPECIFICATIONS 

Reflecting  the  beam  acceptance  and  coupling 
impedance,  the  14  kicker  magnets  have  various  apertures, 
lengths  and  relative  heights  to  the  beam  [3].  To  simplify 
the  kicker  design,  the  14  magnets  are  grouped  in  6 
different  types.  The  parameters  of  the  kicker  assembly 
with  a  typical  magnet  are  listed  in  Table  1 . 

Table  1 :  Kicker  Magnet  Parameters. 

Ferrite  Gap  (cm):  15.1(H),  24.3(V),  34.0  (L) 

Ferrite  Volume 
Turns  per  Goil 
Max.  Field 
Peak  Current 
Peak  Voltage 
Pulse  Current  Rise  Time 
Current  Pulse  Flat  Top  Time 
Assembly  Weight 
(7  magnets  in  one  chamber) 

3.  KICKER  DESIGN 

3J  Magnet 

The  fast  kicker  is  designed  as  a  ferrite  core  rectangle 
frame  magnet  (Fig.  2). 


Cross  Section  Magnet 

Figure  2.  Extraction  Kicker  Magnet 
CMD  5005  Ni-Zn  type  ferrite  is  used  for  this  magnet. 
This  ferrite  provides  high  frequency  response,  low  loss 
and  low  out  gassing  rate.  These  properties  are  important 
for  pulsed  power  magnet  in  high  vacuum  application.  Six 
ferrite  blocks  form  a  window  shape  fi-ame.  These  ferrites 
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1 
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blocks  are  clamped  by  inconel  springs  to  a  stainless  steel 
structure.  In  the  middle  of  the  back  leg,  a  copper  strip  is 
used  to  carry  the  beam-induced  image  current  and  help  to 
reduce  the  eddy  current  heating  caused  by  the  beam 
induced  magnetic  field  in  the  ferrite.  The  coil  is  made  of 
a  single-turn  copper  conductor.  High  voltage  current  is 
fed  from  one  end  of  the  ferrite  core. 

3.2  Support  And  Alignment 

Seven  magnet  modules  will  be  installed  in  a  vacuum 
chamber  in  series  (Fig.  3). 


Figure  3.  Extraction  Kicker  Assembly 

A  sliding  fixture  will  be  used  to  insert  these  seven 
modules  into  the  chamber.  After  insertion,  each  magnet 
will  be  surveyed  and  supported  independently  to  its  final 
position  as  determined  by  the  beam  dynamics.  The 
adjustments  will  be  done  through  the  access  ports  in  the 
under  side  of  the  chamber  (Fig.  4).  All  magnet  supports 
provide  sliding  contact  except  the  axial  support  in  the 
feedthrough  end,  where  the  magnet  is  fixed  in  the  support. 


Figure  4.  Cross  Section  Of  Kicker  Assembly 


This  design  allows  the  magnet  assembly  to  be  baked  in 
the  ring.  When  various  temperatures  rise  in  the  assembly, 
the  connecting  end  of  each  magnet  will  stay  with  its 
ceramic  feedthrough  and  will  let  the  other  end  expand. 

3.3  High  Voltage  Feedthrough  Connection 
Each  magnet  is  powered  by  a  modulator.  Two  high 
voltage  cables  from  each  modulator  send  the  35  KV  pulse 
into  each  magnet  in  the  vacuum  chamber.  Above  each 
magnet,  two  high  voltage  connectors  are  jumped  together 
then  connected  to  the  outside  terminal  of  the  coaxial  HV 
feedthrough.  Inside  the  vacuum  chamber,  two  adapters 
are  used  to  connect  the  terminals  of  the  coil  to  the  high 


voltage  feedthrough.  These  adaptors  can  also  be  used  to 
reverse  the  polarity  of  the  magnet  (Fig.  5).  To  provide 
better  high  voltage  insulation,  a  feedthrough  chamber  is 
built  around  the  outside  of  the  HV  feedthrough  to  house 
these  high  voltage  connecting  components.  After 
installation,  this  chamber  will  be  flushed  clean  and  back 
filled  with  1  atm  of  insulating  dry  nitrogen  gas.  A 
pressure  relief  valve  will  be  used  to  safe  guard  the 
feedthrough  chamber. 


High  Voltage 

Connector  / 
Current 
Monitor— 


Relief 

Valve 


.  ^High  Voltage 
'  Feedthrough 

/“Magnet 


Figure  5.  Feedthrough  Chamber 

3.4  Vacuum  Quality  Criteria 

The  required  vacuum  quality  for  extraction  kicker  is  in 
the  1x10'^  Torr  range.  Since  large  quantities  of  ferrite  are 
used  in  the  system,  to  overcome  the  outgassing  from  these 
porous  ceramics,  six  ion  pumps  are  installed  in  the 
underside  of  the  kicker  assembly.  The  vacuum  chamber 
and  flanges  are  made  of  304L  stainless  steel.  End  flanges 
are  wire  seal  type  with  copper  gaskets.  All  blind  holes  in 
machined  parts  are  drilled  with  venting  paths.  All 
fasteners  are  high  vacuum  comparable  silver  plated 
hardware.  Ferrite  and  all  machined  parts  will  be  cleaned 
and  baked  to  250  ^C  before  assembly.  After  installation, 
the  whole  assembly  can  be  baked  to  250  °C  under  vacuum 
in  the  storage  ring. 


4.  STRUCTURAL  STRENGTH 

The  total  length  of  the  kicker  assembly  is  170  inches 
and  weights  about  4500  lb.  From  finite  element  analysis 
(Fig.  6),  the  deflection  of  this  structure  under  its  own 
weight  and  a  side  load  of  0.5  G  is  about  .034”.  Maximum 
Von  Mises  stress  in  the  chamber  is  13052  psi,  which  is 
acceptable  for  SS304.  Shims  and  support  screws  will 
compensate  the  small  deflection  to  keep  all  magnets  in 
alignment. 


Figure  6.  Structural  Analysis 
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5.  MAGNETIC  PROPERTIES 

An  OPERA  model  was  used  to  calculate  the  properties 
of  the  magnet  (Fig.  7).  When  powered  by  2000  A  current, 
the  center  field  of  the  magnet  is  160  G.  Maximum  field  in 
the  ferrite  is  2433  G,  which  is  acceptable  for  CMD5005. 
Inductance  of  the  magnet  is  .97  jJ.H. 


OPERA  Model  Field  Contour  Plot 

Figure  7.  Magnetic  Analysis 


6.  MODULATOR  ASSEMBLY 

6 A  Design  concept 

The  kicker  magnets  will  be  powered  by  14  modulators 
[4]  [5].  Theses  modulators  are  constructed  as  a  large  fluid 
container.  All  electric  components  are  submersed  in 
insulating  silicon  fluid  (Fig.  8). 


Upper  U  shape  Fluid 

Subassembly  i  Container 


Figure  8.  Pulse  Forming  Network  (Modulator) 

Since  the  modulator  will  be  operated  at  35  KV  high 
voltage,  the  modulator  is  designed  as  a  large  fluid 
container  to  submerse  all  components  into  silicon  fluid 
for  insulation.  The  container  assembly  is  a  vented  system 
to  avoid  internal  pressure  build  up.  A  desiccant  filter  is 
installed  in  the  vent  pipe,  which  will  keep  the  air  dry  and 
clean  when  it  enters  the  system.  The  size  of  the  container 
is  75”x38”x36”  which  can  hold  400  gallons  of  silicon 
fluid.  The  upper  part  of  the  container  is  a  U  shape 
subassembly.  A  frame  structure  is  built  under  the  lower 
level  of  the  U  shape  to  house  all  modulator  components. 
The  shoulder  of  the  U  shape  is  the  sealing  flange.  When 
assembled  together,  the  fluid  level  will  be  kept  just  above 
the  lower  level  and  is  enough  to  keep  all  components 
submersed  in  the  fluid.  The  volume  of  the  air  space 
above  the  fluid  level  is  10  gallon.  This  space  is  designed 
as  an  expansion  tank  to  compensate  temperature 
fluctuation.  The  thermal  expansion  rate  of  the  400 
gallons  of  fluid  is  about  0.23  gallon/°C.  The  10  gallon 
space  will  allow  40  temperature  fluctuations  for 
operation.  The  U  shape  design  has  two  advantages.  One 
is  the  fluid  level  will  be  always  below  the  sealing  surface. 
The  possibility  of  oil  leak  is  greatly  reduced.  The  other 
advantage  is  that  all  external  fittings  and  components  that 


mounted  on  the  top  are  under  the  U  shape.  Any  leaked  oil 
will  be  contained  in  this  U  shape. 

6.2  Modulator  Cooling 

The  modulator  will  generate  10,000  watts  of  heat  in 
total  when  operates  at  60  Hz.  Most  of  the  heat  is 
generated  in  the  resistor  pack.  To  remove  this  heat,  a 
circulating  pump  will  pump  water-cooled  oil  into  the  tank 
in  four  inlets.  Flow  control  valves  and  meters  are 
installed  in  these  inlets  to  keep  flow  rate  equal.  Oil  from 
the  three  inlets  in  the  bottom  of  the  tank  will  flow  across 
all  electric  components  from  bottom  to  the  top.  One  of 
the  inlets  in  the  top  of  the  upper  flange  will  be  connected 
to  the  bottom  of  the  resistor  pack.  The  resistor  pack  is 
designed  with  vertical  cooling  path  in  the  center  and 
radial  cooling  path  in  each  of  the  copper  disk.  The  warm 
oil  will  be  pumped  back  from  the  three  outlets  in  the 
upper  flange  to  the  pumping  station  where  the  warm  oil 
will  be  cooled  by  a  water  cooled  heat  exchanger. 

7.  PROTOTYPE  TEST 

A  single  module  kicker  magnet  and  a  full  feature 
modulator  (Fig.  9)  were  built  to  test  all  design  criteria. 
Both,  magnet  and  modulator  have  gone  through  various 
measurements  and  power  tests.  From  test  results,  both 
magnet  and  modulator  meet  the  design  requirements. 


Magnet  Modulator 

Figure  9.  Prototype  Magnet  And  Modulator 


8.  CONCLUSIONS 

The  design  and  test  of  the  extraction  kicker  magnet  and 
modulator  are  completed.  The  fabrication  of  the  14 
modulators  is  already  started  by  a  contractor.  The 
construction  of  the  two  kicker  magnet  assemblies  will  be 
following  soon. 
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Abstract 

Multiple-stage  injections  to  an  accumulator  ring  boost 
intensity  until  a  final  extraction  delivers  the  full  proton 
beam  to  a  target  transfer  line.  Kickers  and  an  Extraction 
Lambertson  Septum  (ELS)  magnet  implement  extraction. 

Studied  here  are  various  concerns  of  the  design  of  an 
ELS  magnet,  including:  lattice  geometry,  beam  dynamics 
and  optics  considerations;  and  vacuum,  electromagnetic 
and  mechanical  design  aspects.  Reference  datum  and 
transformations  are  established  and  shown  schematically. 
Coil,  yoke,  and  shield  design  optimization  is  discussed. 

1  INTRODUCTION 

A  Lambertson  Septum  Magnet  intercepts  and  redirects 
the  proton  beam  of  the  accumulator  ring  toward  the  target 
on  extraction  cycles,  yet  passes  undisturbed  the  ring’s 
circulating  beam  on  accumulation  cycles.  The  Extraction 
Region  (ER),  in  a  straight  section  of  the  accumulator  ring 
(Fig.  1),  consists  of  consecutively:  A  set  of  pulsed 
Kickers  [1],  each  of  which  bump  the  beam  at  a  downward 
"kick  angle"  in  a  vertical  plane;  the  subject  Lambertson 
Septum  magnet;  and  finally  the  Quadrupole  Doublets 
which  refocus  and  correct  beam  projection  to  target. 


Figure  1 :  SNS  Extraction  Region  plan  and  elevation  views. 


2  DESIGN  CRITERIA 

ELS  design  must  satisfy  constraints  of  the  ER  lattice 
specification:  That  the  intercepted  beam  entering  at  the 
kicked  angle  (a  eb  cl)  finally  exit  to  the  transfer  line  on  a 
path  lying  in  a  horizontal  plane  at  the  established  target 
elevation  (Fig.  2),  and  at  an  exit  angle  (Q)  relative  to  the 
ring  dictated  by  the  lattice  to-target  projection  (Fig.  3). 

To  satisfy  these,  specifically  for  SNS  with  a  committed 
target  elevation,  by  design  beam  center  is  displaced 
vertically  from  magnet  center  at  the  first  quadrupole;  this 
introduces  a  small  dipole  component  that  corrects  for  a 
slight  angular  offset  Jfrom  the  horizontal  (b). 

To  avoid  error  magnification  in  400  circulation  passes 
per  extraction  cycle,  we  optimize  electromagnetics  for  the 
circulating  beam  in  the  ring  (CB).  To  this  end,  at  beam 


Figures  2  &  3:  ER  elevation  (top)  and  plan  view  schematics. 


entrance  and  exit,  yoke  design  includes:  iron  squared  to 
CB  path,  not  the  extracted  beam  (EB)  path,  to  minimize 
quadrupole  affects  on  CB;  and  allowance  of  space  for 
"porch  shielding"  of  the  CB  beyond  the  fiinge  field  by 
tightening  the  bend  radius  to  shorten  iron  length. 
Provision  is  also  made  to  capture  the  CB  within  a  shield 
assembly  consisting  of  the  "septum  plate"  and  the  "shield 
plate"  (Fig.4).  Between  these  plates  "clamshells"  the  CB 
vacuum  chamber  wrapped  in  a  thin  non-magnetic  copper 
shim  to  provide  an  effective  impedance  to  flux  to  which 
the  CB  would  be  exposed.  A  narrow  "shield  cap"  runs 
along  CB  axis,  flush  with  the  shield  assembly.  Total  iron 
thickness  (minus  CB  pipe  OD)  yields  a  flux  density 
within  iron  saturation  limits,  even  with  inner-outer  return 
path  asymmetry  as  CB  moves  outboard  of  ELS  center. 
Though  ELS  cross-section  has  near  symmetry  at  the 
entrance  saturation  concerns  persist  in  the  thin  septum. 


Figure  4:  World  x-y  plane  section  at  beam  entrance  to  yoke. 


0-7803-7738-9/03/$17.00  ©  2003  IEEE 
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3  OPTICS  AND  GEOMETRY 

Of  four  SNS  operating  modes,  ELS  design  is  based 
on  physics  parameters  for  the  largest  beams.  In  all  modes 
the  elliptical  beam  sections  of  both  CB  and  EB  diverge 
along  both  major  and  minor  axes  (y  and  x,  respectively). 
The  y-axis  divergence  of  the  EB,  and  the  known  kick 
angle  of  the  EB  centerline,  ultimately  determine  ELS 
magnetic  geometry.  To  maximize  septum  thickness  each 
vacuum  pipe  remains  always  tangent  to  the  major  axes  of 
the  beam  it  contains;  i.e.,  CB  and  EB  points-of-tangency 
(POT)  occur  at  6  and  12  o’clock  orientations  respectively 
(Fig.  5).  Thus  pole  (magnet  yoke)  geometry  must  be 
everywhere  parallel  to  the  EB  pipe  centerline.  This  pipes 
diameter  is  determined  by  the  EB  size  at  the  exit,  and  thus 
fixes  the  magnetic  gap;  the  distance  between  the  primary 
pole  and  the  septum  quasi-pole  (Fig.  6).  Similarly,  there 
exists  an  angular  offset  of  the  CB  with  respect  to  its 
vacuum  pipe  which  determines  the  axis  of  the  cut  hole  in 
the  shield  assembly.  These  angular  offsets  are  corrected 
at  both  exit  flanges  with  ’’skewed"  bores  which  center  the 
beam  path  in  the  downstream  pipe.  Bore  angles  are  offset 
also  at  the  upstream  "crotched"  entrance  flange.  The  shim 
"air  gap"  runs  the  length  of  the  magnet  including 
shielding  porches,  but  terminates  at  the  "field  clamp". 
The  clamp,  in  contact  with  the  magnetic  CB  pipe,  closes 
the  electromagnetic  circuit  at  end  of  air  gap  for  stray  flux. 


Recalling  ELS  design  criteria,  entering  beam  kicked 
downward  relative  to  a  world  horizontal  plane  (WCS  x-z) 
exits  in  that  plane  at  a  lattice-prescribed  height  and  angle. 
Thus  yoke  geometry  cannot  be  orthogonal  to  any  WCS 
axis;  i.e.,  the  plane-of-pole  (POP)  first  must  lie  tangent  to 
an  axis  pitched  about  the  world-x  in  order  to  receive  the 
entering  kicked  beam,  and  second  must  be  rolled  about 
that  pitch-axis  in  order  to  project  the  exiting  beam  at  the 
given  extracted  angle,  but  parallel  to  the  WCS  x-z  plane 
(or  nearly;  section  2).  To  gain  pipe-to-diverging-beam 
tangency,  pipe  rotation  about  the  world-x  is  by  the  kick 
angle  (ane  cl)  less  the  EB  y-radii  divergence  angle  (Da). 

Vpop  1=  (v^cs’lTpitchl) '[Troll]  where Vpop  t=  (Vx  V‘y  V'z)  thus 


sin(Y)'  ^^^^  +  sii](a)/l - I  I  I 

Vwcs  L  L  V  tan(a)*cos(e)  jj] 

:=  cos(y)  •  tan(Y)  -tanle)  -  sii/a)  ( 1 - 

Vwcs  L  L  V  tan(aj-cos(0)  Jj^ 

r  (  \  f  ^  tan(a)-tan(p)^l  a  is  pitch  angle 

Vwcs  L  I  cos(0)  Jj  Y  IS  roll  angle 
Given  +  (V'z)^  :=  Vwcs  and  0  solve  for  a  ,y 

Figure  7:  POP  to  WCS  coordinate  transformation. 
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held  clamo"  relate  ELS  pole  coordinate  system  (POP  CS)  to  the 

\  nine  closes  customary  perspective  for  a  conventional  dipole  in  the 
brstravflux  WCS,  one  must  perform  a  series  of  two  coordinate 
transformations.  Mathematically,  the  matrix  algebra  of 
Fig-  7  is  solved  for  both  the  divergence-corrected  pitch 
(MirjOR  AXIS)  angle  (aLox)  and  the  roll  angle  (g)  given  constraints  on 

lattice  geometry  (b  &  Q  of  Fig.  2  &  3).  Visually,  we  first 
CiRCUlatiinJG  BEAMrotate  the  viewing  direction  in  Fig.  5  by  the  corrected 
' pitch  angle  (Fig.  8),  then  by  the  roll  angle  (Fig,  9). 
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Figure  5:  Schematic  of  world  x-y  section  at  beam  entrance. 
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Figure  6:  Schematic  of  world  x-z  section  through  pipe  centers. 


/// 

EB-X  (WORLD-X) 

Figure  8:  Pitch-corrected  view  of  EB  and  pole. 

,,  We  may  resolve  the  velocity  vector  v  of  an  arbitrary 
particle  entering  ELS  field  into  components  orthogonal  to 
POP;  i.e.,  aligned  with  the  flux  lines  (POP-y  axis, 
perpendicular  to  the  pole),  or  lying  in  the  POP  (POP  x-z). 
Fig.  10  depicts  a  particle  on  the  LOT  path.  The  vector  v 
is  resolved  into  components  orthogonal  to  the  POP  CS. 
The  resultant  of  vectors  parallel  to  the  POP  is  v// POP. 
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Figure  9:  POP  x-y  plane  section  schematic  at  beam  entrance. 


Bend  radius  due  to  ELS  field  is  proportional  to  v// POP ; 
but  the  component  perpendicular  to  POP  remains  constant 
along  the  particle  path.  Thus  only  a  particle  positioned  at 
the  EB  POT  will  travel  on  a  circular  arc  always  parallel  to 
the  POP;  this  line-of-tangency  (LOT)  arc  shows  in  Fig.  9. 
All  others,  including  those  on  beam  center,  have  constant 
non-zero  POP-y  velocity  component.  Hence,  the  EB  path 
through  the  ELS  is  a  helix;  the  particle  bunch  appears  as  a 
“horn  on  a  table”  in  contact  on  its  LOT.  This  adds  subtle 
complexities  to  3D  model  development,  lattice  placement, 
and  specification  of  survey  and  alignment  at  installation. 
A  datum  point  used  to  place  a  conventional  dipole,  where 
entering  and  exiting  centerlines  intersect,  does  not  exist. 


Figure  1 1 :  ELS  magnet  assembly  view  looking  upstream. 


4  ELS  MAGNET  ASSEMBLY 

A  discussion  of  design  issues  for  the  various  components 
of  the  ELS  magnet  assembly  (Fig.  1 1)  is  useftil. 

Coils 

Water-cooled  coils,  sized  for  1 .3  GeV,  have  the  following 
specifications:  Allowable  20®C  rise,  70  psid  max,  5-15  fps 
turbulent  flow,  and  current  density  <1000  A/sq.  cm.  [2]. 
The  resulting  large  cooling  passage  raises  concerns  about 
intermediate  splice  design,  and  “keystoning”  at  the  bends. 
Radiation  exposure  of  septa  warrant  “rad-hard”  coils. 

Vacuum  Chamber 

Chamber  manufacture  requires  many  stages.  The  CB  pipe 
from  ASTM  A513  DOM  tube  for  dimensional  accuracy, 
is  placed  in  an  acid  bath,  vacuum  fired,  masked  at  the 
weld  joints,  and  nickel  plated  inside  and  out.  The  tube  is 
welded  to  304L  flanges  of  the  now-formed  EB  weldment, 
including  the  delicate  weld  at  the  crotch.  Care  is  taken 
here  as  the  weld  is  compounded  by:  a  thin  base  metal,  a 
tight  fit,  dissimilar  metals,  a  fragile  nickel  plating,  and 
high  stresses.  Finally,  the  tube  is  TiN  coated. 

Shielding  and  Yoke 

Kicker  design  limits  septum  thickness;  as  weighed  against 
competing  concerns  of  saturation  and  stress.  A  special 
convex  cutter  performs  the  final  cut  in  both  septum  and 
shield  plates.  Close  fit  in  the  clamshell  insures  accurate 
location  of  CB  tube.  Allowable  stack-up  tolerance  for 
this  machining  process,  and  for  plate  flatness  and  vacuum 
pipe  geometrical  tolerances,  depends  on  beam  emittance. 
Pole  design  is  based  on  field  uniformity  requirement.  The 
ELS  pole  has  no  square  faces  (Fig.  3).  Porches  from  steel 
laminations  shield  the  CB  from  local  fringe  field,  and 
intercept  any  stray  field  away  from  the  CB.  A  field  clamp 
bolts  to  CB  tube  and  to  the  porches;  this  reacts  vacuum 


Figure  12:  ELS  magnet  assembly  view  looking  downstream. 
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Abstract 

In  the  design  of  high-intensity  proton  synchrotrons  and 
accumulator  rings,  quadrupole  magnets  of  narrower  size 
in  one  of  the  transverse  dimensions  are  often  needed  to 
accommodate  the  compact  ring  geometry,  the  various 
injection  and  extraction  devices,  and  the  large  vacuum 
chamber  aperture.  The  stringent  limit  on  tolerable  beam 
loss  further  demands  a  good  magnetic  field  quality  to 
minimize  beam  resonances  caused  by  higher-order 
magneticmultipoles. 

In  this  paper,  we  present  results  from  magnetic  field 
calculations  performeed  on  2D  and  3D  models  of  a  large- 
aperture  narrow-quadrupoles  that  is  suitable  for  a  high 
intensity,  low  beam-loss  accumulator  rings  .  The  pole 
face  of  the  quadrupole  has  been  optimized  to  minimize 
the  integrated  field  of  the  first  three  allowed  multipoles 
(12pole,20pole  and  28pole).  The  ratio  of  each  integrated 
magnetic-multipole-strength  to  the  integrated  magnetic- 
quadrupole-strength  at  a  radius  of  85%  of  the  quad's  pole- 
tip-radius  is  less  than  2x10"^.  Results  from  the 
calculations  performed  on  the  two-dimensional  and  three- 
dimensional  models  of  the  narrow  quad  are  presented. 

1  INTRODUCTION 

In  a  published  paper[l]  we  provide  detailed  information 
about  the  design  of  a  “narrow  quadrupole”  that  has  been 
built  to  be  used  in  the  SNS  accumulator  ring[2].  The 
transverse  dimension  of  the  quadrupole  on  the  horizontal 
plane  has  helped  accommodate  the  various  devices  which 
are  located  at  the  injection  and  extraction  regions[l]  of 
the  SNS  accumulator  ring.  The  main  requirements  for  the 
magnetic  design  of  the  narrow  quadrupole  was  to 
minimize  the  integrated  strength  of  the  12pole  magnetic 
multipole  down  to  lBi2poiedz/JB4poiedz  <2x10"^  at  a  radius 
of  r=10  cm,  and  we  did  not  regard  the  contributions  from 
the  20pole  and  28pole  multipoles.  Table  I  shows  the 
integrated  strength  of  these  multipoles  relative  to  the 
integrated  quadrupole  strength  as  were  calculated  by  the 
3-Dimentional  model  and  also  as  were  measured  in  the 
first  built  quadrupole. 

In  Table  1,  fBn(r,z)dz/jBi(r,z)d2  where  Bn(r,z)  is  the 
n*  coefficient  in  the  expansion  of  the  radial  field  Br(r,z) 
Br(r,z)  =XBn(r,z)cos[(n+l)0]  {n=l  quad,  n=3  oct ...}  (1) 
The  Br(r,z)  is  calculated  and  measured  at  a  radius  r=10  cm 
and  the  coefficients  Bn(r,z)  are  integrated  along  the  z-axis 
which  is  along  the  beam  direction. 

In  Table  1,  the  2”^^  row  shows  the  calculated  quantity  Rn  , 
and  the  3^^  and  4*  rows  the  measured  quantity  Rn  for  the 
quadrupole  as  it  was  delivered  by  the  manufacturer 

*  SNS  is  managed  by  UT-Battelle,  LLC,  under  contract 
DE-AC05-00OR22725  for  the  U.S.  Department  of  Energy. 


(3  row)  and  with  a  minor  modification  (reduce  the 
transverse  pole  length  by  0.75  mm),  (4*  row).  The 
modification  resulted  in  reduction  of  the  R<i2poie)  multipole 
strength  down  to  1.2x10^.  The  error  in  the  measurements 
of  the  harmonics  was  ±0 .02x  1 0"^ 


Table  1:  The  Ratio  Rn  of  few  allowed  multipoles.  The 
quantity  Rn  is  defined  in  the  text. _ _ 


Rs  (I2pole) 

R9  (20pole) 

Rl3(28pole) 

CALC 

-4.2x10-^ 

-5.2  xlO-^ 

-1.5  xlO"" 

MEAS#1 

+3.20xl0-‘' 

-6.90  xlO-^ 

-1.20  xlO-’ 

MEAS#2 

+1.20x10-^ 

-6.81x10-^ 

-0.92  xlO"* 

Calculations  performed  on  the  SNS  ring  [3]  showed  that 
the  measured  strength  of  the  (20  and  28)poles  multipoles 
(see  Table  1)  of  the  narrow  quadrupole  are  well  below  the 
limits  that  may  bring  the  beam  into  resonance  and  cause 
significant  beam  emittance  growth  that  will  result  in  beam 
losses.  Nevertheless  we  thought  as  a  useful  task  to  design 
a  narrow  quadrupole  that  minimizes  the  first  three 
allowed  multipoles  (1 2,20,2 8)pole.The  following  sections 
are  dealing  with  the  design  of  such  a  narrow  quadrupole. 

2  THEORY  FOR  THE  MAGNET  DESIGN 

Poisson’s  theorem  states  that  the  magnetic  field  vector  B 
(or  any  vector,  regular  at  infinity)  can  be  expressed  as: 

B(x)=(l/47t)J  {[V'(V'-B)-  V'x(V'xB)]/|x-x'l}d^x'  (1) 

By  defining  the  magnetization  vector 
M=B-|JoH  (2) 

and  using  the  Maxwell  equations  V'-B=0  and  V'xH=J 
equation  (1)  becomes: 

B(x)=(l/4jt){J[noV'xJ+V'x(V'xM)]/|x-x'|}d^x'  (3) 

Equation  (3)  expresses  the  magnetostatic  field  B(x)  as  the 
contribution  of  two  terms;  one  term  corresponding  to  the 
currents  distribution  J  the  other  term  to  the  magnetization 
M  of  the  materials.  With  Jm=(1/po)(V'xM)  equation  (3) 
can  also  be  written  (see  ref  [4])  as: 

B(x)=(fV47r)[Jv'xj/|x-x'l]d^x'+jjMxry|x-x'pd^x" 

+J(Mxnout)xru/|x-x'pd^x'  (ru=unit  vector  along  x-x')  (4) 
In  equation  (4)  the  second  integral  extends  over  the 
interior  of  the  finite  volume  of  the  magnetic  material,  and 
the  third  integral  over  the  surface  enclosing  the  volume  of 
the  magnetic  material  (nout=normal  to  the  surface).  It  is 
the  contribution  of  the  third  integral  that  can  affect  the 
strength  of  the  various  allowed  multipoles  by  altering  the 
contour  of  the  pole  face.  We  assume  that  the  value  of  the 
permeability  \i  of  the  iron  at  the  vicinity  of  the  pole 
surface  has  a  value  m»1  for  the  third  integral  to  have  an 
effect  on  the  magnetic  multipoles.  It  is  therefore  possible 
to  affect  the  magnetic  field  in  the  space  of  the  beam  by 
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modifying  the  contour  of  the  pole  tip  of  the  quadrupole. 
This  approach  [5]  was  followed  in  the  design  of  narrow 
quadrupoles.  In  this  paper  we  employ  more  sophisticated 
contour  of  the  pole  tip  and  we  extend  the  calculations  in 
three  dimensions. 

3  TWO-DIMENSIONAL  MODELING 

In  this  section  we  present  the  results  of  the  two 
dimensional  magnetic  calculations  as  applied  to  three 
designs  of  the  narrow  quadrupole.  The  designs  will  be 
refered  in  the  text  as  A,B  and  C.  In  each  of  the  designs, 
discussed  below,  we  provide  enough  information  about 
the  cross  section  of  the  narrow  quadrupoles,  for  the  reader 
to  repeat  the  calculations  using  her/his  preferred  computer 
code  for  the  elelectomagnetic  design.  In  all  three  designs 
the  strength  of  all  allowed  multipoles  B(,2poie,20poie,28poie) 
was  calculated  at  r=10cm  and  the  B(,2poie,20poie,28poie)/Bquad 
ratio  was  reduced  below  the  value  of  1x1 0"^.  The 
deviation  of  the  narrow  quad  from  the  four  fold 
symmetry,  introduced  multipoles  like  octupoles,  16poles 
etc.  However  the  relative  strength  of  each  of  the 
multi^oles  (B(8poie,i6poie,24poie)/Bquad)  was  below  the  value  of 
1x10  at  r=10  cm.  In  each  of  the  designs  we  kept  intact 
both,  the  outside  dimensions  of  the  quadrupole  (shown  in 
Fig.  1)  and  the  pole  tip  radius  Rp  and  we  only  varied  the 
width  of  the  pole  piece  W,  and  the  pole  tip  contour. 

In  order  to  keep  the  permeability  of  the  iron  at  a 
reasonable  large  value  p»l,  the  quadrupole  strength  of 
each  of  the  models  was  also  kept  at  a  value  of  ~4.2 
[T/m].  All  calculations  were  performed  using  the 
computer  code  for  electomagnetics  of  Vector_Fields[6]. 

3.1  Narrow  Quadrupole  Design_A 

The  cross  section  of  one  of  the  pole  pieces  of  the 
desisign_A  quadrupole  is  shown  in  Fig  2.  In  this  design 
we  kept  the  contour  of  the  pole  tip  similar  to  the  contour 
of  the  narrow  quad  discussed  in  ref  [1]  but  we  increased 
the  pole  width  (W)  to  a  value  of  19.8  cm,  to  achieve 
minimization  of  the  20pole  and  28pole  multipoles.  The 
design  was  finally  optimized  by  modifying  the  contour  of 
the  pole  face,  by  varying  the  radii  of  curvature  pi  ,po  and 
the  location  of  the  inflection  points  Pi,P2  ,shown  in  Fig  2. 
The  optimization  yielded  a  ratio  B„/Bq„ad  of  <1x10"^  at  a 
radius  r=10  cm  for  the  (12, 20, 28)pole  multipoles. 

The  increase  of  the  pole  width  (W)  however  reduced  the 
area  of  the  current  conductor  which  has  to  run  at  a  higher 
current  density  (J)  to  achieve  the  quadrupole  strength  of 
~4.2  [T/m].  An  alternative  design  which  satisfies  the 
requirements  of  low  relative  strength  B„poie/B4poie<lxl0^, 
for  the  (12,  20,  28)pole  multipoles,  and  also  provides 
more  conductor  area,  is  discussed  in  the  next  subsection. 


Figure  1 :  Cross  section  of  the  narrow  quad.  The  outer 
dimensions  were  the  same  for  all  designs  A,B,  and  C. 


3.2  Narrow  Quadrupole  Design _B 

The  cross  section  of  this  alternative  design  of  a  narrow 
quadrupole  is  shown  in  Fig.  3.  In  this  design  the  width  of 
the  pole  piece  has  been  reduced  to  17.6  cm  but  the  overall 


Figure  2.  Cross  section  of  pole  piece  corresponding  to 
“design  A”  (see  text).  The  inflection  points  Pi,P2 ,  and 
the  radii  of  curvature  Pi  ,  pp  were  varied  in  order  to 
minimize  the  strength  of  the  (12,20,28)pole  multipoles. 
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Compared  with  design  A,  this  design  allows  for  an 
increased  cupper  area  and  the  required  gradient  of  '-42 
[T/m]  is  achieved  at  a  reduced  current  density,  but  the 
magnetic  field  B  inside  the  poles  will  be  higher. 


Figure  3.  Cross  section  of  pole  piece  for  “design  B”  . 


3J  Narrow  Quadrupole  Design  JO 

This  design  combines  the  features  of  the  design_A  and 
design_B  namely  larger  conductor  area  (same  as  in 
design_B)  and  lower  value  of  the  magnetic  flux  density 
B  in  the  pole  pieces  (as  in  design_A).  The  cross  section  is 
shown  in  figure  4.  Tthe  relative  strength  Bnpoie/B4poie  of 
the  (12,20,28)pole  is  minimized  to  values  <  1x1 0"^. 
Compare  the  contour  shape  of  design_C  with  that  of 


4  THREE-DIMENSIONAL  MODELING 

Practical  considerations  lead  us  to  perform  the  three 
dimensional  magnetic  field  calculations  on  the 
“design_C”.  The  goal  was  to  minimize  the  relative 
integrated  strength  jBnpoiedz/fB4poiedz  of  the  (12,20, 
28)pole  multipoles.  The  method  of  optimization  was  to 
chamfer  the  edges  of  the  pole  pieces  at  both,  the  entrance 
and  exit  of  the  magnet  [1]  as  shown  in  figure  6.  The  “pole 
chamfering”  reduced  the  integrated  strength  of  the  12pole 
multipole  but  introduced  some  strength  in  the  20pole  and 
28pole  multipoles.  This  strength  was  reduced  by 
reshaping  slightly  the  contour  of  the  pole  tip  inside  the 
magnet.  The  optimization  yielded  the  following  results: 

lBi2poledz/jB4poiedz=2xlO"®  |B20poledz/jB4poiedz=4xlO‘^ 

jB28poiedz/jB4poiedz=5xlO"^  atr=^10cm. 


Figure  5  An  isometric  view  of  the  chamfered  ends  of  one 
of  the  pole-piece  of  the  narrow  quadrupole. 

5  CONCLUSIONS 

Two  dimensional  magnetic  field  calculations  were 
performed  on  three  models  of  a  large  aperture  narrow 
quadrupole.  Each  of  the  models  was  optimized  to 
minimize  the  relative  strength  Bnpoie/B4poie  of  the  (12,  20, 
28)pole  multipoles  to  values  less  than  IxlO"^  at  a  radius 
1=10  cm.  One  of  the  models  was  optimized  using  3D 
magnetic  field  calculations. 
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Abstract 

The  Spallation  Neutron  Source*  Accumulator  Ring 
requires  large  aperture  dipole  magnets,  strong  focusing 
quadrupole  and  sextupole  magnets,  and  low  field 
corrector  dipole,  quadrupole,  sextupole,  and  octopole 
magnets.  All  of  these  magnets  will  provide  a  fixed 
magnetic  field  throughout  the  accumulator’s 
fill/storage/extraction  cycle.  Similar  fixed  field  magnets 
are  also  being  built  for  the  beam  transport  lines  from  the 
linac  and  to  the  target.  Because  of  the  high  intensity  in 
the  accumulator,  the  magnets  must  be  built  with  tight 
tolerances  for  optimum  field  quality.  Because  some  of 
the  magnets  are  powered  in  strings,  those  magnets  must 
have  tight  tolerances  and  consistent  material  properties  to 
provide  the  same  integral  field  from  magnet  to  magnet. 
Radiation  resistance,  maintainability,  and  cost  were  other 
major  factors  in  determining  the  magnets’  design.^  The 
accumulator  ring  and  transport  line  lattice  design  required 
32  different  magnet  types  out  of  the  312  magnets  to  be 
installed.  This  resulted  in  small  quantity  procurements 
that  affected  the  cost  of  fabrication  and  testing  of  the 
magnets. 

INTRODUCTION 

The  SNS  physics  group  defined  the  detailed 
performance  requirements,  apertures,  and  lengths.  High 
beam  intensity  and  60  Hz  repetition  rate^  necessitated  a 
design  that  was  reliable  and  easy  to  maintain.  The 
physics  design  required  large  aperture  magnets  for  low 
loss  and  over  180  tons  of  collimation^  will  provide  some 
protection  from  radiation  damage  for  the  magnets.  As  in 
any  particle  accelerator  or  accumulator  there  are  many 
different  magnets  types  to  provide  bending,  focusing, 
steering  adjustment,  injection  and  extraction.  The  most 
common  magnet  types  are  provided  in  table  1 .  In  addition 
to  the  types  listed  there  are  another  13  magnet  types  and  a 
total  of  312  magnets  required. 

MAGNET  DESIGN 

The  32  magnet  types  required  were  the  biggest  cost 
driver  in  the  magnet  development.  Defining  the 
parameters,  doing  the  field  analysis,  providing  a  detailed 
design,  and  procurement  all  account  for  1  man-year  of 
cost  per  magnet  type,  some  more.  Where  possible 
magnets  were  used  in  multiple  areas.  The  ring  21Q40  and 
30Q44/58  quadrupoles  were  used  in  the  high-energy  beam 
transfer  line  (HEBT)  and  ring  to  target  beam  transfer  line 
(RTBT).  This  saved  design  and  development  effort. 


provided  bulk  savings  in  manufacturing,  and  reduced  the 
requirements  for  spares. 


Table  1:  Magnet  types  used  for  the  SNS  Ring,  HEBT,  and 
RTBT  lines.  21CS26  nomenclature  provides:  type  -  CS 
Corrector  Sextupole,  aperture  -  21  cm,  and  core  length  -  26  cm. 


Magnet 

Aperture  and 

Field/Grad 

Total 

Types 

Length  in  Cm. 

T,m 

Devices 

Dipoles 

17D120 

.92  T 

32 

8D533 

.24  T 

8 

Quads 

21Q40 

5.6  T/m 

59 

26Q40 

5.3  T/m 

8 

30Q44 

5.4  T/m 

11 

30Q58 

5,0  T/m 

11 

12045 

7.2  T/m 

32 

Sextupoles 

21S26 

.86  T/m^ 

12 

26S26 

.86  W 

8 

Correctors 

21CS26 

.73  T/m" 

8 

21C026 

.129  T/m" 

8 

An  early  decision  was  to  manufacture  the  magnets  with 
solid  steel  cores.  Based  on  the  constant  beam  energy, 
high  field  quality  requirements,  and  cost  savings 
considerations  this  was  a  good  choice.  The  various 
vendors  were  able  to  provide  high  quality  machined  cores 
that  met  all  of  the  dimensional  requirements:  mating 
surfaces  flat  to  +.025mm,  pole  tip  profiles  machined  to 
±.025mm,  and  apertures  to  .01mm.  Unfortunately  for  the 
ring  magnets  that  had  to  be  powered  in  strings  by  a 
common  power  supply  this  turned  out  to  be  a  difficult 
decision.  The  requirement  for  consistency  exceeded  the 
consistency  of  the  steel  used.  Even  though  the  steel  was 
procured  in  common  lots  from  the  same  “pour”  the 
magnet  to  magnet  variation  was  greater  than  the  1x10"^ 
integral  transfer  function  requirement  for  the  magnets 
powered  in  strings."*  Magnets  made  from  steel  from 
different  lots  were  significantly  different.  An  advantage 
of  the  solid  core  design  was  that  it  was  possible  to  shim 
the  cores  to  achieve  the  required  magnet  to  magnet 
uniformity.  Even  with  the  shimming  and  the  additional 
magnetic  measurement  required  for  small  procurements 
the  solid  steel  cores  were  cost  effective. 

A  major  driver  for  the  cost  savings  of  solid  cores  was 
the  use  of  serialized  core  components.  The  vendor  was 
required  to  machine  individual  parts  to  ±.15mm 
tolerances.  The  final  tolerance  of  the  magnet  aperture, 
which  determined  the  field  quality,  was  provided  on  a 
core  drawing.  The  vendor  could  adjust  the  core 
component  parts  as  necessary  to  achieve  the  final  gap 

is  a  partnership  of 


*SNS  is  managedby  UT-Batelle,  LLC  under  contract  DE-AC05000r22725  for  the  US  Department  of  Energy.  SN 
SIX  national  laboratories:  Argonne,  Brookhaven,  Jefferson,  Lawrence  Berkley,  Los  Alamos,  and  Oak  Ridge. 
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tolerance  by  machining  or  positioning  in  the  case  of  a 
quadrupole.  The  manufacturer  then  serialized  the 
matched  parts  of  the  core  so  components  could  not  be 
switched.  The  components  were  then  pinned  after 
alignment  to  allow  magnet  disassembly  for  vacuum 
chamber  placement,  future  coil  repairs,  or  as  noted  above 
shimming.  Another  cost  savings  was  the  use  of  1006  steel 
for  all  of  the  magnet  cores.  It  is  cheap,  easy  to  obtain,  and 
easy  to  machine. 

All  of  the  high  field  magnets  used  conventional  water- 
cooled  copper  bus  with  fiberglass  epoxy  resin  systems 
applied.  To  provide  an  added  degree  of  radiation 
resistance  V2  lapped  .005  Kapton  was  required  around  the 
conductor  for  tum-to-tum  insulation.  Other  than  added 
cost,  the  Kapton  did  not  add  any  complications  to  the  ring 
system  magnets.  On  quadrupoles  used  for  the  Linac 
portion  of  the  SNS  project  there  was  a  problem.  Because 
the  kapton  tape  glue  had  been  improperly  cured  by  the 
manufacturer,  coils  from  that  particular  batch  had  bubbles 
in  them.  The  glue  would  outgas  excessively  when  the  coil 
was  as  the  epoxy  curing  temperature  causing  the 
generation  of  the  bubbles.  Changing  the  tape  eliminated 
the  problem. 


Table  2:  Magnet  Specifications 


Magnet 

Current 

(amps) 

Coil  Turns 
per  pole 

Current 

Density 

17D120 

5260 

12 

452 

8D533 

650 

12 

277 

21040 

870 

28 

558 

26040 

800 

44 

513 

30044 

1180 

41 

536 

30058 

1100 

41 

500 

12045 

520 

20 

401 

21S26 

200 

21 

342 

26S26 

330 

23 

564 

After  the  physics  group  defined  the  field  requirements 
and  length,  the  mechanical  engineer  and  the  magnet 
design  analyst  defined  the  basic  core  design.  3D  field 
analysis  was  done  using  the  Opera  3D  program.  The 
results  were  used  to  define  the  pole  shape  (for 
quadrupoles  and  multipoles),  pole  longitudinal  shims  (for 
dipoles),  and  end  chamfer  (for  quadrupoles).  At  this  point 
there  was  a  negotiation  of  trade-offs  between  the 
mechanical  engineers  and  the  electrical  engineers  (power 
supplies).  The  trade-offs  were  coil  turns  to  achieve  the 
required  current  density  and  matching  the  power  supplies 
into  matched  groups  that  could  be  procured  in  large 
numbers.^  The  other  trade-off  was  high  current  vs.  low 
current  for  the  mechanical  engineer.  High  current 
magnets  required  large  cross-section  bus  with  a  large 
cooling  passage.  The  advantage  was  easy  and  efficient 
water  flow,  fewer  turns  for  the  coil  winder,  and  more 
copper  per  given  cross-section.  The  trade  off  is  a  lot  of 
copper  is  required  to  get  the  current  from  the  power 
supply  house  to  the  magnet.  Therefore  high  current 
magnets  were  only  used  for  the  ring  dipoles  that  were 
powered  in  series  and  the  special  injection  and  extraction 


magnets  where  the  extra  copper  was  needed  to  power 
otherwise  tight  magnet  designs. 

PROCUREMENT  AND  SCHEDULE 

Multiple  methods  of  magnet  fabrication  and 
procurement  were  employed  depending  on  the  magnet 
type.  The  majority  of  the  large  production  magnets  were 
built  to  specification  with  an  accompanying  detailed 
drawing  package  that  defined  in  detail  how  the  magnet 
was  to  be  constructed.  Most  of  the  magnets  were 
procured  as  complete  assemblies  that  were  shipped  to 
BNL  or  ORNL  for  testing  and  magnetic  measurement. 
The  ring  dipole  (17D120)  core  and  coils  were  purchased 
separately  and  then  assembled  and  tested  at  BNL.  This 
was  done  because  core  design  iteration  with  steel  was  still 
on  going  while  the  project  schedule  was  requiring 
fabrication  of  the  magnet.  The  coils  were  sent  out  to  bid 
while  this  testing  continued.  The  cores  followed  four 
months  later.  The  advantage  of  this  was  that  the  cores 
were  bid  to  magnet  manufacturers  and  large  machine 
shops  that  specialized  in  machining  heavy  pieces.  The 
large  machine  shops  under  bid  the  magnet  manufacturers 
by  35%  and  did  an  excellent  job  delivering  the  magnets 
on  time.  Other  effects  on  the  magnet  cost  were  the 
quantity  purchased  and  the  complexity  of  the  design. 
Compare  the  table  3  with  the  quantities  in  table  1  and 
there  is  a  significant  effect.  Also  quadrupoles  cost  more 
than  equivalent  sized  dipoles  because  of  the  complexity  of 
the  pole  tip  profile  and  more  pieces  have  to  be  machined. 
Sextupoles  have  a  step  increase  as  well. 


Table  3:  Magnet  Cost  (This  table  does  not  include  the  first 
article  magnet  cost  which  was  typically  50%  higher). 


Magnet 

Total 

Unit  Cost 

Core 

Coil 

Type 

Weight 

$/lbs 

$/lbs 

17D120 

19500 

$  70,000 

$  1.59 

$  7.66 

8D533 

30400 

$  74,500 

$  2.33 

$  3.90 

8D406 

2600 

$  78,000 

$  2.84 

$  5.14 

21040 

4000 

$  29,400 

$  5.48 

$  4.00 

26Q40 

6000 

$  38,300 

$  7.39 

$  3.56 

30044 

6000 

$  33,000 

$  4.07 

$  7.74 

30058 

7300 

$35,000 

$  2.97 

$  8.02 

21S26 

1200 

$  30,100 

$  6.48 

$  6.00 

26S26 

1400 

$  34,500 

$  8.63 

S  6.00 

Each  magnet  procurement  was  competitively  bid  with 
the  winning  vendor  being  chosen  based  on  lowest  price 
without  exceptions  to  the  bid  package.  The  bid  package 
included  the  fabrication  drawing  package,  three 
specifications  (core  steel,  coil,  and  overall  magnet 
assembly),  and  a  statement  of  work  (SOW).  The  SOW 
provided  schedule  information  and  project  reporting 
requirements.  After  winning  the  low  bid  award,  the 
technical  team  visited  the  vendor  and  all  of  the 
documentation  was  reviewed  to  clarify  the  requirements. 
What  became  clear  at  this  point  was  that  some  vendors 
were  not  thorough  in  reading  the  specifications  or  the 
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SOW.  They  focused  on  the  drawings  and  missed 
hardware  and  schedule  requirements  in  the  specifications 
and  SOW.  Scheduled  weekly  phone  conferences  were 
held  to  maintain  contact  and  review  progress. 

Except  for  one  of  the  kind  magnets,  all  of  the  magnet 
contracts  require  that  the  vendor  first  build  a  article 
magnet  for  inspection  and  magnetic  measurement  before 
proceeding  with  the  rest  of  the  production  order.  This 
allowed  BNL  to  do  detailed  magnetic  measurement  to 
verify  the  field  quality  of  the  design  and  it  gave  BNL  an 
option  point  where  it  could  cancel  an  order  if  the  vendor 
was  not  performing  to  specification.  More  important  it 
allowed  BNL  to  iterate  on  the  magnetic  design  by 
modifying  the  steel.  All  of  the  ring  quadrupole  magnets 
required  the  procurement  of  additional  pole  tips  so 
iterations  could  be  done  on  the  pole  tip  chamfers  that 
added  steel.  Because  the  profile  of  the  quadrupole  pole 
tip  was  so  critical  to  the  magnetic  performance,  vendors 
also  provided  1”  thick  samples  to  demonstrate  the 
performance  of  their  CNC  machines  before  machining  the 
full  length  1*  article  pole  tips.  When  tested  all  three  of 
the  ring  quadrupoles  magnet  types  that  required  the 
highest  field  quality  went  through  at  least  two  iterations  of 
the  pole  tip  shape  or  end  chamfer  before  they  were 
approved  for  production.  These  iterations  required 
disassembly  of  the  magnets  to  remove  and  remachine  the 
pole  tips  or  to  remove  and  replace  the  pole  tips.  This 
required  two  to  three  months  of  testing  time  before  a 
article  magnet  could  be  approved  for  production. 


Table  4:  Time  is  in  weeks  after  receipt  of  order. 


Magnet 

Type 

1st 

Article 

Production 

Approval 

1st 

Production 

Order 

Complete 

SOW 

31 

32 

54 

70 

17D120 

16 

18 

26 

35 

8D533 

48 

52 

65 

104 

39 

43 

56 

o 

o 

48 

54 

76 

89 

30058 

36 

53 

83 

95 

Except  for  one  of  the  kind  magnets,  all  of  the  magnet 
contracts  require  that  the  vendor  first  build  a  1**  article 
magnet  for  inspection  and  magnetic  measurement  before 
proceeding  with  the  rest  of  the  production  order.  This 
allowed  BNL  to  do  detailed  magnetic  measurement  to 
verify  the  field  quality  of  the  design  and  it  gave  BNL  an 
option  point  where  it  could  cancel  an  order  if  the  vendor 
was  not  performing  to  specification.  More  important  it 
allowed  BNL  to  iterate  on  the  magnetic  design  by 
modifying  the  steel.  All  of  the  ring  quadrupole  magnets 
required  the  procurement  of  additional  pole  tips  so 
iterations  could  be  done  on  the  pole  tip  chamfers  that 
added  steel.  Because  the  profile  of  the  quadrupole  pole 
tip  was  so  critical  to  the  magnetic  performance,  vendors 
also  provided  1”  thick  samples  to  demonstrate  the 
performance  of  their  CNC  machines  before  machining  the 
full  length  article  pole  tips.  When  tested  all  three  of 
the  ring  quadrupoles  magnet  types  that  required  the 
highest  field  quality  went  through  at  least  two  iterations  of 


the  pole  tip  shape  or  end  chamfer  before  they  were 
approved  for  production.  These  iterations  required 
disassembly  of  the  magnets  to  remove  and  remachine  the 
pole  tips  or  to  remove  and  replace  the  pole  tips.  This 
required  two  to  three  months  of  testing  time  before  a  T* 
article  magnet  could  be  approved  for  production. 

Every  production  magnet  received  is  high  potted,  leak 
checked,  and  magnetic  measured.  The  magnetic 
measurement  was  used  to  verify  the  magnet  matching  and 
the  requirement  for  shimming  as  discussed  previously.  If 
shimming  was  required,  the  magnets  were  magnetically 
measured  again.  Magnetic  measurement  results  also  were 
used  to  locate  the  magnets  in  the  lattice.^  Magnetic 
measurement  was  also  used  to  verify  the  magnetic  center 
of  the  multipole  magnets. 

CONCLUSIONS 

The  magnets  for  the  SNS  accumulator  are 
conservatively  designed  for  reliability  in  a  high  radiation 
environment,  low  cost,  and  ease  of  maintenance.  Field 
quality  has  been  a  high  priority  because  these  magnets  are 
part  of  a  high  intensity  machine.  Multiple  steps  have  been 
taken  to  insure  field  quality  and  excellent  matching  fi-om 
magnet  to  magnet.  At  this  time  of  the  312  magnets 
required  for  the  SNS  ring  systems,  182  have  been 
delivered  by  the  vendors,  and  82  have  been  shipped  to 
ORNL,  tested,  and  are  ready  for  installation. 
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